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THE RAMAN SPECTRUM 


ABSTRACT 


The rotational and rotation-vibrational Raman spectra acetylene one 
atmosphere pressure were investigated with high spectrographic dispersion. 
The rotational structures the three Raman-active fundamentals, and 


were resolved and analyzed. The band origins, rotational constants, and 


certain anharmonicity coefficients were derived. 
INTRODUCTION 


The acetylene molecule linear and symmetrical, and has five distinct 
fundamental modes vibration. The two totally symmetric modes, 
and and the doubly degenerate (II,) mode, are active only the Raman 
effect; the remaining two modes, and are active only infrared 
absorption.* The extensive earlier work the Raman and infrared spectra 
has been summarized and discussed Herzberg (1945). Recent studies 
the infrared spectrum high dispersion have been made Bell and Nielsen 
(1950), Talley and Nielsen (1950), and Wiggins, Shearer, Shull, and Rank 
(1954). 

Several investigations the Raman spectrum the gas have been made 
comparatively low dispersion. Lewis and Houston (1933) observed the resolved 
rotational spectrum and identified weak line 1967.4 the branch 
the band. Glockler and Morrell (1936) measured the line 3373.7 
Bhagavantam and Rao (1936) observed two broad weak lines 589 and 
646 which undoubtedly represent the maxima the unresolved 
and branches the band, the branch being very weak. 

the present investigation the Raman spectrum the gas was observed 
with reciprocal linear dispersion 10.5 per mm. 4358 The Raman 
source and spectrograph have been described Welsh, Stansbury, Romanko, 
and Feldman (1955). The reduction the spectrograms was carried out 
outlined Romanko, Feldman, and Welsh (1955). Commercial acetylene gas 
was used pressure one atmosphere. 


1Manuscript received August 1956. 
Contribution from the McLennan Laboratory, University Toronto, Toronto, Ontario. 
This research was supported Grant No. 1001-01, Project the Defence 


Research Board Canada. 
the Burton Fellowship Physics, School Graduate Studies, University 


Toronto, 1954-55. Present address: Bell Telephone Laboratories, Inc., Whippany, 
U.S.A. 

Scholarship the Nationa! Research Canada, 1954-56. 

*The nomenclature used follows that Herzberg (1945). 
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RESULTS AND DISCUSSION 

The Rotational Spectrum 

The rotational Raman spectrum excited 4358 was recorded hr. 
with spectral slit width 0.35 and without the cylindrical lens front 
the photographic plate. The spectrum consists only lines (AJ +2) 
with the characteristic 1:3 intensity alternation. The corresponding Stokes 
and anti-Stokes frequency shifts were averaged, and least-squares analysis 
the observed frequencies gave the rotational constants 1.1767 
obtained the early work Lewis and Houston (1933). When, the 
present case, the observed frequencies show some scatter, better value 
can obtained assuming theoretical centrifugal stretching constant 
When the value, calculated ‘rom the formula 
Shaffer and Nielsen (1941) was used, the analysis gave 1.1769+0.0004 
This shows satisfactory agreement with the infrared values, 1.17692 
+0.0001 Herzberg and Spinks (1934), 1.1769 Bell and Nielsen (1950), 
and 1.17658+0.0003 Wiggins, Shearer, Shull, and Rank (1954). 
The Band 

The branch the band, excited 4047, was photographed hr., 
and the extensive rotational structure shown Fig. hr. The band 
has and branches, corresponding +2, with 1:3 intensity 
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alternation the and branches the rotational spectrum. The assign- 

ments, given Table are unambiguous except for two extraneous lines, 
TABLE 

OBSERVED FREQUENCIES THE RAMAN BAND 


3273.5 O(21) 3425.3 S(10) 
3299.8 3371.9 3448.0 S(15) 
3308.0 O(14) 3388.8 S(2) S(17) 
3313.0 3393.1 S(3) 3461.4 S(18) 
3317.7 3398. S(4) 3465.5 


*Excited 4078. 


3360.7 and 3356.0 superimposed upon the regular series. allowance 
made for the intensities the underlying lines, the relative intensities 
the lines 3360.7, 3356.0 and the branch 3371.9 are roughly 
0.07: 0.09: 1.00. simple calculation shows that the bands, 
and which have initial states the low lying doubly degenerate 
levels 613 and 731 respectively, should have the relative 
intensities 0.10 and 0.06 compared with the band. The branch 
3356.0 will therefore interpreted and that 3360.7 
This region the spectrum should also show the band the 
isotopic molecule with intensity about 1/100 that the 
main band. With band stretching constants calculated from the observed 
totally symmetric frequencies, the value 3360.6 was obtained for 
can therefore assumed that the isotopic band super- 
imposed With the value taken 1.1769 regression 
solution performed the observed and lines gave 3372.5 and 


1.1699 


The Band 

The band, excited 4358, was photographed exposure time 
hr.; microphotometer trace shown Fig. and the frequencies are 
listed Table II. addition the rotational structure, several branches 
are present the low frequency side the band. Two these are readily 
identified excited 4347 and 4339. arguments similar those 
used for the band, the two lines 1960.3 and 1941.4 can attributed 
calculated frequency 1947.0 and can therefore assumed 
superimposed the O(6) line 1948.0, which shows anomalously large 


intensity. 
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TABLE 
OBSERVED FREQUENCIES THE RAMAN BAND 

1852.0 (?) 1928.3 O(10) 2017.5 

1865.1 1938.4 2026.8 S(10) 
1972.8* 1941.1 2031.4 S(11) 
1879.7 1952.0 2040.5 S(13) 
1884.9 O(19) 2045.1 S(14) 
1894.4 O(17) 1973.2 2049.2 S(15) 
1899.1 O(16) 1984.9 2054.1 
1903.9 1990.1 S(2) 2058.5 
1908.9 1994.4 S(3) 2062.6 S(18) 
1913.9 1998.9 S(4) 2066.9 S(19) 
1918.2 O(12) 2008.8 S(6) 2084.1 
1923.3 O(11) 2013.2 S(7) 


*Excited 
4347. 


The rather prominent line 1852.0 difficult classify. The most 
obvious assignment the second overtone the doubly degenerate fre- 
quency 613 assuming positive anharmonic term. The upper state 
has the symmetry species but only the transition should 
active the Raman effect. Since the band shows strong branch, unlike 
the band shown Fig. necessary postulate that owes its in- 
tensity Coriolis interaction with v2. This interaction would accordance 
with Jahn’s rule. 

The observed frequency very close that the branch the band 
the isotopic molecule 1852.6 however, since the intensity 
the line relatively high, this icentification would tenable only under the 
improbable assumption that the Raman tube had been contaminated some 
previous experiment involving deuterated compounds. 

The remaining lines this region form the and branches least 
squares analysis gave the values 1973.4 and 1.1711 


The Band 
The rotational energy acetylene the vth state doubly degenerate 
vibration 


where the vibrational angular momentum about the internuclear line, 
assumes the integral values The value usually indi- 
cated following superscript the designation the vibration. Placzek 
and Teller (1933) have shown that, although the and branches have 
their usual intensities, the branch this type band extraordinarily 
weak, with intensity comparable with the first lines the other branches. 
The microphotometer trace the band (Fig. obtained 115hr. 
exposure shows this predicted structure. least squares analysis un- 
blended and lines, with assignments Table III, gave 1.1745 and 
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Branch Branch 
10 5 J0 


Branch 
J: 


Raman Displacement 


Fic. Microphotometer trace the doubly degenerate Raman band gaseous 
acetylene. 


TABLE III 
OBSERVED FREQUENCIES THE RAMAN BAND 
Assignment Assignment Assignment 
515.3 595.8 O(4); P(7) 642.7 S(5) 
524.8 O(19) 597.9 P(6) 647.5 S(6) 
534.2 O(17) 600.1 P(5) 651.8 
604.7 P(3) 656.1 S(8) 
543.5 607.2 P(2) 660.8 S(9) 
549.1 O(14) 665.7 S(10) 
553.2 616.6 670.5 S(11) 
558.6 619.0 R(2) 675.5 
562.5 O(11) 621.7 R(3) 679.9 S(13) 
568.3 623.9 S(1): R(4) 684.4 S(14) 
572.6 626.2 R(5) 689.1 S(15) 
577.4 628.7 R(6) 693.8 S(16) 
581.4 631.0 698.4 S(17) 
584.6 P(12) R(8) 703.1 S(18) 
586.6 O(6); 635.7 707.9 
588.8 P(10) 638.1 712.8 S(20) 
591.2 O(5); 640.9 R(11) S(21) 
593.5 P(8) 


613.5 The measured frequency the branch, 611.7 shows 
shift roughly from the band origin, accordance with the rotational 
energy formula. 

The twofold degeneracy vibrational state with given can removed 
with increasing rotation. This so-called /-type doubling has the consequence 
that the upper rotational levels the and branches are not the same 
those the and branches. However, analysis the unblended 
and lines gave, within the experimental error, the same value was 
obtained from the and lines. The doubling therefore appears 
too small observed under the present experimental conditions. 


SUMMARY 
The molecular constants derived from the analysis the Raman-active 
bands acetylene are summarized Table IV, and are compared with those 
derived from infrared combination bands Herzberg and Spinks (1934) and 
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TABLE. 


MOLECULAR CONSTANTS FOR THE RAMAN-ACTIVE 
VIBRATIONS 


Infrared absorption 


This 
investigation Herzberg and Bell and 
Spinks (1934) Nielsen (1950) 
Band origins 
3372.5 3373.2 
1973.5 1974.0 
613.5 613.3 
constants 
0.0070 0.00617 
0.0058 0.00647 
0.0025 0.0006 
constants 
1.64 
— 16.2 | — 18.16 


Bell and Nielsen (1950). The analysis the rotational structure the bands 
vields the band origins, and the rotation—vibration interaction constants, 
The agreement between the Raman and infrared values these 
constants satisfactory, except perhaps for where the Raman value 
significantly greater than the infrared value. The observation difference 
bands the type leads the determination certain anhar- 
monicity constants, from relations the type 
For these constants the agreement with the infrared values most cases 
very poor. the infrared value, correct, the band 
would almost superimposed the branch and might not 
detected; however, there seems alternative assignment for the line 
1941.4 which has moreover the correct intensity for 
Bell and Nielsen (1950) give two different assignments infrared combination 
the alternative values, +1.64 and —18.16 for the 
Raman results indicate that the assignment leading the latter value 
probably correct. 


REFERENCES 


and Rao, 1936. Chem. Phys. 293; Proc. Indian Acad. Sci. 
135. 
1945. Molecular spectra and molecular structure. Vol. and 
Raman spectra polyatomic Van Nostrand Company, Inc., New York. 

and Spinks, 1934. Physik, 91: 386. 

Lewis, and Houston, 1933. Phys. Rev. 44: 903. 

ROMANKO, J., FELDMAN, T., and 1955. Can. Phys. 33: 588. 

J., ROMANKO, J., and 1955. Opt. Soc. Amer. 
338. 

A., SHEARER, N., SHULL, R., and 1954. Chem. Phys. 


| 


THE RAMAN SPECTRUM 


ABSTRACT 


The rotational and rotation-vibrational Raman specira dideuteroacetylene 
were photographed one atmosphere pressure with high spectrographic dis- 
persion. The rotational structure the band was resolved and analyzed, but 
only the branches the and bands were observed. 


INTRODUCTION 


The dideuteroacetylene molecule, like ordinary acetylene, linear and 
symmetrical, and has five fundamental modes vibration. The two totally 
symmetric modes, and and one doubly degenerate mode, 
are active only the Raman effect; the remaining two modes, and 
are active only infrared absorption.* The Raman spectrum 
gaseous was investigated low dispersion Glockler and Morrell 
(1936), who observed the branches the and bands. The infrared 
spectrum has been studied Randall and Barker (1934), Stitt (1940), Plyler 
and Gailar (1951), Saksena (1952), Talley and Nielsen (1954), and Overend 
and Thompson (1955). The more recent these infrared investigations have 
used high spectral resolution and have yielded accurate values many rota- 
tional and vibrational constants. 

The present investigation the Raman spectrum gaseous parallels 
that Feldman, Shepherd, and Welsh (1956). The spectrograms were 
obtained with the Raman source and spectrograph described Welsh, Stans- 
bury, Romanko, and Feldman (1955). Because the low intensity the 
vibrational bands the camera lens (f/20) with shorter focal length was 
used; this gave reciprocal linear dispersion 15.6 per mm. 4358 

Dideuteroacetylene was prepared passing heavy water vapor over cal- 
cium carbide. Although the pyrex apparatus and the powder were 
flamed under vacuum remove traces ordinary water, the spectrum the 
gas showed some bands the isotopic compounds and addition, 
trace ND; was also present, possibly arising from calcium nitride 
impurity the carbide. 


RESULTS AND DISCUSSION 


The Rotational Spectrum 

The rotational Raman spectrum excited was photographed with 
spectral slit-width 0.6 hr. exposure without the cylindrical 
lens front the photographic plate. Since the rotational selection rule for 


received August 1956. 

Contribution from the McLennan Laboratory, University Toronto, Toronto, Ontario. 
This research was supported Grant No. 1001-01, Project the Defence 
Research Board Canada. 

the California Standard Company Graduate Fellowship, School Graduate 
Studies, University Toronto, 1953-54. Present address: Department Physics, Memorial 
University Newfoundland, St. John’s, Nfld. 

*The nomenclature used follows that Herzberg (1945). 
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linear molecule +2, only branch present. Corresponding 
Stokes and anti-Stokes frequency shifts were averaged, and least squares 
analysis the observed frequencies gave the rotational constants, 
than the values, 0.84787 obtained Saksena (1952) and Talley and Nielsen 
(1954), and 0.8479 Overend and Thompson (1955). probable 
that the Raman result error because the rotational spectrum the 
ground vibrational state overlaid the rotational spectra molecules 
the first vibrational state the and normal modes; about 30% the 
molecules are these excited vibrational states room temperature. 


The Totally Symmetric Bands 

large number branches were observed the region 4300 4770 
the frequencies and the frequency shifts from the appropriate exciting line are 
listed Table addition the totally symmetric bands and 


TABLE 
VIBRATIONAL LINES THE RAMAN SPECTRUM 
22756.1 1759.8 
1763.8 
22663.2 1852.7 
22285.5 2419.8 
22001.5 2703.8 
21913.2 1024.8 
21371.3 3334.0 
21231.8 
21191.6 1746.5 
21173.9 1764.1 HD) 
21088.6 1849.5 1 — ysl (C2 
21085.5 1852.6 
20965.8 1972.2 


*Av 1763.5 from 4347. 


The band extraordinarily weak and only the branch could 
photographed exposure times 120 hr. The measured frequency shift, 
2703.8 somewhat greater than the value, 2700.5 obtained 
Glockler and Morrell (1936), but good agreement with the band origin, 
2703.56 determined Talley and Nielsen (1954) from the sum the 
frequencies the and infrared bands. 

The branch the band was photographed with 4358, 4347, and 
4078 exciting lines; the band excited 4047 was obscured 
4358. The most accurate value the frequency shift probably 1764.2 
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which may compared with the value, 1762.4 measured 
Glockler and Morrell (1936), and the band origin, 1764.7 determined 
Talley and Nielsen (1954) from the and infrared bands. Two 
additional lines, 1746.5 and 1760.4 appear the vicinity The 
first these assigned the band the isotopic molecule 
since its frequency agrees with the value, 1746.2 calculated with the 
bond stretching constants obtained from the observed symmetric frequencies; 
the low intensity the line confirms the assignment. The line 1760.3 
both. Since its intensity relative was estimated 0.3, the line must 
assigned superposition the two bands. The anharmonicity constant, 
The infrared analysis Talley and Nielsen (1954) gave —3.89 and 

weak line 1024.80 from 4358 can ascribed only the 
totally symmetric overtone, its large separation from the other totally 
symmetric bands indicates that pure overtone and does not arise from 
Fermi degeneracy. The constant, x4, calculated from the 
relation 4x44, with 511.18 obtained this in- 
vestigation, 0.61 this coincides with the value quoted Talley and 
Nielsen (1954). 

The frequency shifts the Raman lines assigned the impurity molecules, 
and are summarized Table II, and compared with values ob- 


TABLE 


Assignment Values obtained other authors 
1972.2 1972.8 (Feldman, Shepherd, and Welsh 1956) 
1849.4 
1852.6 1851.2 (Glockler and Morrell 1936) 
3334.0 3334.8 (Glockler and Morrell 1936) 


tained other authors. The estimated intensity the line 1849.4 
the two bands, and 


The v4! Band 

The doubly degenerate band, excited 4358, was photographed 
120 hr. with spectral slit-width 0.8 microphotometer trace the 
spectrogram shown Fig. Like the corresponding band (Feldman, 
Shepherd, and Welsh 1956) the band shows and branches and very 
weak branch. The rotational lines show the intensity alternation arising 
from the nuclear spin the deuterium atom. The weaker lines coincide with 
lines, and the stronger lines coincide with lines; for this reason the 
branch appears persist higher values than the lines. However, 
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Branch Branch 


450 500 550 600 


Raman Displacement 


Fic. trace the doubly degenerate band 


neither these two branches were the lines sufficiently well resolved permit 
accurate frequency measurements. 

The frequencies and assignments the and lines are given Table 
The regression formula 


where for the lines and J+3/2 for the lines, was used 
determine the molecular constants. The frequencies were first corrected for 


TABLE III 
OBSERVED FREQUENCIES THE RAMAN BAND 
Av || Av | Av 
431.4 O(24) 487.8 552.8 
434.1 O(23) O(6) 555.9 
444.3 O(20) 500.2 566.2 S(15) 
448.0 510.3 569.8 S(16) 
454.3 O(17) 518.6 S(1) S(18) 
464.9 O(14) S(4) 586.9 S(21) 
471.4 O(12) 536.0 S(6) 593.4 
474.6 539.1 S(7) 597.0 
478.0 O(10) 542.4 600.3 
481.2 545.8 S(9) 603.7 
484.8 O(8) 549.3 S(10) 607.8 S(27) 
610.6 


theoretical formula Shaffer and Nielsen (1941). least squares analysis 
the unblended lines gave 511.12, 0.8478, and 9.8482 
The branch 510.3 thus shifted from the band origin, vo, the 
amount 0.8 predicted from the theory. The frequency the 
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band origin calculated Talley and Nielsen (1954) from infrared combina- 
tion bands good agreement with the Raman value. The 
from the Raman data; this agrees with the infrared value given 
Overend and Thompson (1955), but opposite sign the value given 


Talley and Nielsen (1954). 
The results the present Raman investigation show general very 
satisfactory agreement with the most recent infrared work high dispersion. 
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CROSS SECTIONS DISSOCIATIVE RECOMBINATION! 
BAUER? AND Ta-You 


ABSTRACT 


consider the following process. hydrogen molecular ion its ground 
state, lso captures free electron low energy and splits into two 
hydrogen atoms the states H(2s) The cross 
sections for transitions into these two states are calculated ‘‘Born approxi- 
functions electron energy for energies less than ev., and are found 
gas kinetic order magnitude cm.?). 


INTRODUCTION 
recombination” meant the process 


which molecular ion recombines with electron and then 
ates into two neutral atoms either both which may excited 
state. was suggested Bates and Massey (1946) that the observed high 
the ionosphere may due the recombination between and according 
(1). laboratory experiments, Biondi and Holstein (1951) have found 
strong evidence for the process (1) helium, namely 


and for value for the recombination coefficient theo- 
retical calculations the cross section process type (1) seem have 
been made. The object the present work attempt estimate, 
model calculation, the cross section the simplest process the type (1), 


FORMULATION THE THEORY 
wish estimate the cross section the process 


which the collision between electron energy and hydrogen 
molecular ion its ground electronic state leads two hydrogen atoms 
their ground excited states. convenient regard (2) two-stage 
process consisting the capture the electron the ion give hydro- 
gen molecule excited electronic state which unstable, 
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and the subsequent dissociation this molecule into two neutral atoms, 


Because the electron mass small compared with the nuclear mass, the 
capture process (3) may regarded tran- 
sition the sense that the nuclear separation remains unchanged during the 
capture process. denote the electronic energy the systems 
the nuclear separation R), R), then the energy relation 
for the process (3) imposes relation between the kinetic energy the incident 
electron, and the nuclear separation 


For incident electrons having range energies, there would corre- 
sponding range values which the transitions (3) can take 


place. 
From the state the system may either proceed backward, 


dissociate according (4). Let the probabilities (4) and (6) and 
respectively. Let the cross section the capture process (3) for the formation 
Then the cross section the dissociative recombination (2) 
given 


(7) = pa/ (pat Pa) . 


Now the process (6) similar the Auger transition atoms, and the 
probabilities may expected similar order magnitude those 
for atoms. The probability per second, pa, that two repulsive atoms separate 
order 


where the velocity nuclear separation and this probability large 
compared with Thus our problem reduced calculating the capture 

obtain consider the reverse process (6). Let the wave function the 
two electrons the bound state denoted and that the con- 
tinuum The probability per second transition the system 
from the state the state under the perturbation 


| 


(27h) 


where the ejected electron has momentum directions lying within the 
solid angle dw; the number states per unit energy range about the 
energy and the normalization volume available for the free electron. 
The per second the capture electron momentum 
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then obtained dividing the total number states, over 
which the result (8) has been obtained namely 


(9) = 3(m/2 ah? 


The total cross section the capture process (3) obtained integrating 
over all directions ignore any dependence the matrix 


(The factor will eventually drop out when the wave function for the state 
properly normalized. See below.) 

The above expressions for and refer the capture probability and 
cross section, respectively, fixed nuclear separation indicated 
the notation include the effect the nuclear vibration, 
obvious that one should multiply the probability finding 
the system H,* the nuclear separation and should then integrate over 
This probability 


for molecular ion its vibrational ground state. here the mass 
the hydrogen atom, the angular frequency vibration, and the equi- 
librium nuclear separation the system 

remains specify the perturbation the formulas above for our 
problem. The process (3) rearrangement collision, and necessary 
define the zeroth-order Hamiltonian and the perturbation such 
way that the perturbation theory formula (8) valid. One way choose 
the states states the same Hamiltonian that the wave functions 
are orthogonal. shall accordingly treat the following system the 


unperturbed 


where the distance between electron and nucleus the internuclear 
distance, etc. The interaction regarded the perturbation 


this formulation, the state one representing two electrons, each 
the normal state and the other electron the continuum the field 
the two nuclei. first sight this separation the Hamiltonian the system 
into seems strange, but has the advantage satisfying the ortho- 
gonality requirement mentioned and accordingly free from such 
difficulty the ambiguity which associated with the use 
the usual treatment rearrangement collisions 


non-orthogonal states 
(Schiff 1949). 


aw 
1 
us 
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make calculation the capture cross section (3), need know 
the electronic energies the zeroth-order Hamiltonian (12) the form 
potential energy curves function nuclear separation Since (12) 
does not include the interaction (13), the eigenstates (12) 
are not the actual states the molecule For consistency the perturbation 
theory, and for the formula (8) valid, must use the wave functions 
and electronic energies (12) rather than those the actual molecule. 
However, can use the same spectroscopic notation for both the orbitals 
and the molecular states for the actual system. 

Fig. are drawn the potential curves for few states The energies 
the ion are simply taken from the well-known work Teller (1930). 
For the states the energies shown are obtained from those the two 
appropriate states, i.e., adding the energies the two states and 
subtracting e?/R, since the repulsion has been counted twice 
adding the energies the two states. has been mentioned the 


+ 


ENERGY RYDBERGS 


Fic. Electronic energies some states and See §III text. 


+ 2 
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preceding paragraph, the energy curves the states obtained are not 
meant those the actual states the molecule, but have been con- 
structed for consistent application the perturbation theory. 
The energies states have the following asymptotic form 
(Eyring al. 1944): 
and those the states 


(14) 


see from Fig. that the potential energy curve the repulsion state 
the and states have much the same energies, the energy 
curves (not shown Fig. will very similar those 
2pm, and hence will cross that Accord- 
ing the discussion the beginning see that transi- 
tions from the repulsive states 2pm, and 
are possible. (Note that the potential energy curves states 
this approximation not cross that for any bound state 
and that hence these states need not considered here.) 

There are course other states which asymptoticaily for large 
energy curves are repulsive and intersect that The energy 
curves these states will general intersect that larger 
distances and the captures near the equilibrium separation 
would correspond greater energies the captured electron. 
Both because this higher electron energy and the general behavior the 
matrix element (10), one may expect the capture cross sections leading 
higher. Also, the and states (15) may singlet triplet states. the 
present work, shall for definiteness consider the capture into the triplet 
states, namely, 
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Fic. Relation between electronic energy and nuclear separation ‘‘vertical’’ capture 
transitions. See text. 


similar one for and from the relation (5) between the electron energy 
and the nuclear separation for vertical transition (15), 
obtain the curves h?k?/2m vs. and vs. Fig. The square 
the vibrational ground state wave function 
(11), also shown there. falls off very rapidly for values 
different from the equilibrium distance R,, and thus only small range 
(and hence k?) contributes appreciably the capture cross section 
when Eq. (10) averaged over all values 

see from Fig. that over this relevant range the relation between 

R, = 


being the distance which the two potential curves cross each other. 
From (10) and (11), one thus obtains the cross section for the capture 
electron energy lying between and 


where given Eq. (10). 

From Eq. (18), one obtains for the number captures given state per 
second when beam electrons having electrons per unit volume 
tration the expression 


Me 


2.0 
1.0 
ka 2 
R/a, 
R 
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For captures the ground state into the states (16) 
the numerical values the constants for the state are follows: 
R.—R, 0.05 ao, 
1.25 


calculate the capture cross section, one needs the wave functions 
(10), which are course eigenfunctions (12). Instead constructing 
from bound and continuum state eigenfunctions shall con- 
struct them from atomic orbitals approximation. Thus shall take 
for the atomic orbitals electron around the nucleus 


where and similarly for the orbitals etc., around nucleus 
The continuum orbitals are approximated plane waves, normalized within 
the volume 


clearly not very satisfactory approximate the continuum hydrogenic 
wave functions plane waves the very low energies considered here (below 
ev.). This approximation has been made quite impossible consider 
evaluation the matrix elements with any more complicated wave function. 

The molecular orbitals are constructed these atomic orbitals have the 
even odd property; thus, for example, from (14), (16), (19), 


= ao(1)+50(1), 
ete. 


(20) 


For the repulsive states take the following properly symmetrized 

wave functions (triplet states) 

For the states also construct molecular wave functions (triplet 

states) 


The normalization constants are 


(23) 
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where 


and for 1s, 2s, 2p, respectively indicated Eq. (19). the 
expressions for integrals involving bound state and continuum 
orbital like have been neglected. 

Since symmetric with respect inversion about the center 
symmetry the system, only the following transitions give non-vanishing 
cross sections 


The evaluation the matrix elements V’, and the cross section, for these 
two transitions outlined below. 


IV. THE CROSS SECTION FOR THE U-TRANSITION 


First wish evaluate the transition matrix element 


where and the wave functions are given Eqs. (21), (22). The 
calculation simplified the following considerations 

(i) Because and the wave functions ¥(Z,), are symmetric the 
variables the number independent terms (26) precisely half that 
indicated the direct expansion (26). 


(ii) Each the individual terms (26) the form 
(andy, V’a,b;) 


and contains three bound state atomic orbitals about nuclei and some 
combination, and also the plane wave function Eq. (20). depends 
the states and the two vectors and Changing the sign 
change the sign take the complex conjugate the term (recall that all 
the bound state orbitals Eq. (19) are real). Thus, any term (26) 
interchange and and simultaneously take the complex conjugate the 
expression, leave the term unchanged. For example 


Now all the terms simplified this way add that there remain only 
contributions like 


and none containing Hence the matrix element 
depends the wave vector through functions cos(k rather than 
and convenient introduce new free particle wave functions 


: 
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This consideration again reduces the number terms half the previous 
number, and are left with the expression 


12 
shall now make the approximation 


12 


The approximation (29) should not introduce very large error; without 
the evaluation the matrix elements would exceedingly difficult. 
evaluating the various integrals convenient use elliptic coordinates 


where the component along the and k,, are its compo- 
nents along two mutually perpendicular axes that are perpendicular AB. 
The origin the rectangular coordinates the mid-point the line AB. 

stands, even with the simplification (29). Thus expand 
powers and consider only the first few terms. The physical justification for 
this comes essentially from the following consideration. From Fig. see 
that for the two transitions question here, large values correspond 
nuclear separations very different from the equilibrium nuclear separation 
pointed out before (following Eq. (16)), the rapid decrease the proba- 
bility finding with the increase the distance will make the 
contribution the capture cross section (18) fast electrons 
ion very small. 

see that the k-dependence Eq. (28) 
that 


can see that the lowest order only the term does not vanish because 
none the bound atomic orbitals the U-process has any orbital angular 


| 
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momentum, that do, are independent show this, consider 
and the lowest order contribution the matrix element becomes volume 


integral the form 


The corresponding term also vanishes the lowest order, can seen 
the same argument. However, the and terms not automatically 
vanish higher orders. our investigation the next term, which 


The assumption (32) not necessary for the lowest order term. The second 
(correction) term, however, very lengthy evaluate even with (32). 


u 


that the normalized transition matrix element given expression 


the form 


where the coefficients are the sums and differences number terms 
the type 


Tes} al 
1 


for various values substitute the numerical value this 
matrix element, evaluated 2ao, Eq. (10), then find the 
following expression for the capture cross section the 


where measured units being the Bohr radius. The result for 
few electron energies given Table 


TABLE 


CROSS SECTION FOR THE AND ((25) THE TEXT) 
FUNCTION ENERGY HAS BEEN CALCULATED FOR THE CASE (38), 
AND oy FOR 


Energy incident electron, ev. 0.0258 0.10 1.16 


Electron wave number, 0.04355 0.08575 0.292 
Ratio for U-process* 0.022 0.086 1.0 


*Both ogand are calculated from the first term Eqs. (37) and (33) respectively. 
The next term taken into account multiplying the value given above 
thus clear that the last column, corresponding energy 
1.16 ev., entirely unreliable. 


| 
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While neither the expansions powers following (30) nor that (33) 
are valid for large the result using (33) (18) valid since the contri- 
bution the capture cross section from fast electrons rendered small 
the weighting the vibrational wave function and any inaccuracy 


for large made unimportant. 

That the cross section diverges 1/k low energies simply the general 
behavior capture cross section; the physically relevant quantity not the 
cross section but the transition probability per unit time, which 


has finite value for zero energy. 


THE CROSS SECTION FOR THE G-TRANSITION 


evaluating the matrix element 


again use the properties (i), (ii) the previous section, and approxi- 
mation similar (29), get the result 


again expand the matrix element powers find that the 
lowest order term vanishes the ¢-integration, because now the only function 
containing b,; the argument analogous that the previous 


and the lowest term that does not vanish upon integrating over one 
the type 


clear physical grounds why only the term survives; the cos term 
indicates that orbital angular momentum about the x-axis has 
excited (recall that a,, are 2p, orbitals), and this clearly impossible the 
momentum the incident electron wholly along the z-axis AB. 

attempt has been made calculate the next higher order term; thus 
the lowest order find that the capture cross section evaluated 
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where again measured units (Recall that the molecular axis 
defines the z-direction, while the orbital angular momentum the electron 
defines the x-direction.) The reason why vanishes for zero energy, unlike 
evidently that orbital angular momentum has excited the 
G-transition but not the U-transition. 


VI. DISCUSSION 


The capture cross section for both and U-transitions, evaluated 
listed Table for few electron energies. The numerical values 
the cross section clearly depend the direction the incident electron; thus 
has been calculated for the case (32) which the initial direction the 
electron momentum parallel the nuclear axis AB, while has been 
calculated for the case 


i.e., the electron incident angle the axis AB, and angle 
the direction about which orbital angular momentum excited during the 
G-transition. These particular directions are used simply because they give 
the maximum value for the corresponding cross section any energy. 

recapitulate, emphasized that the present work must re- 
garded only estimation the general order magnitude the cross 
sections dissociative recombinations carrying out calculation for 
hypothetical system. The model adopted described (12), (13) and 
which not exactly the process (2) but self-consistent from the point 
view the application the perturbation theory. The most serious approxi- 
mation that using plane waves (20) for the electron the continuum. 
already mentioned below (20), this approximation has been made only 
because without any calculations seem impracticable. difficult from 
purely theoretical considerations say with definiteness what factor the 
result uncertain because this approximation; but the general order the 
cross sections (i.e., gas kinetic) obtained seems compatible with the 
empirical evidence the case helium (Biondi and Holstein 1951). 
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THE RAMAN CYCLOPROPANE! 


ABSTRACT 


The Raman spectra gaseous and liquid cyclopropane were examined with 
high spectrographic dispersion. The resolved rotational spectrum the gas 
gave 0.6697+0.0005 Although rotational structure the vibra- 
bands was resolved, the spectrum the gas clarifies the frequency 
assignments. Nine the ten Raman active frequencies were recorded; 
particular interest are 3038.0, 3019.9, and 1188.0 The 
inactive frequency was assigned faint line The constants 
some the degenerate vibrations were determined from the intensity contours 
the bands. Comparison the spectrum the liquid with that the gas shows 
how the former has led incomplete vibrational assignments. 


INTRODUCTION 


Cyclopropane, the simplest the cyclic hydrocarbons. Infrared and 
Raman data support the structure generally accepted chemists; this 
structure has also been confirmed the electron diffraction studies 
Bastiansen and Hassel (1946) and Dunitz and Schomaker (1952). the four- 
teen fundamental vibrations (Table the molecule ten 
species) are active the Raman effect, six are active infrared 
absorption, and two are inactive. The earlier investigations the 
Raman and infrared spectra have been summarized Herzberg (1945). 
More recently the infrared spectrum has been investigated, some cases 
high dispersion, Sinha (1950), Neill (1953), Baker and Lord (1955), and 
Guenthard, Lord, and McCubbin (1956). 

The Raman spectrum liquid cyclopropane has been studied number 
workers including Ananthakrishnan (1936), Harris, Ashdown, and Arm- 
strong (1936), Linnett (1938), and Baker and Lord (1955). The Raman 
spectrum the vapor has received less attention; 
graphed four maxima, and Harris, Ashdown, and Armstrong one maximum. 

the present investigation the Raman spectra the vapor and the liquid 
were photographed high dispersion. Although rotational structure was 
resolved only the pure rotational spectrum, the data obtained the 
vibrational bands the vapor have made significant additions the vibra- 
tional assignments. 

EXPERIMENTAL 

The Raman source and the spectrograph have been described detail 
(Welsh, Stansbury, Romanko, and Feldman 1955). With lens 
front the photographic plate the rotation-vibrational spectra gases can 
photographed with reciprocal linear dispersion 10.5 per mm. 
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and practical resolving power, least the case non-polar molecules, 
Commercial cyclopropane with purity 99.5% was used 
pressure atm. The spectrum the liquid was photographed with the 
same high dispersion spectrograph and Wood-type Raman tube, mm. 
diameter, with illuminated section cm. long. The tube was mounted 
vertically and gas from the storage cylinder was admitted through copper 
capillary tube sealed constriction the end the tube with DeKhotinsky 
cement. the temperature the cold tap water which was circulated 
through the cooling jacket the vapor condensed pressure 6.5 atm. The 
tube was irradiated vertical spiral mercury lamp with water-cooled 
electrodes. 

iron arc comparison was used measure the frequency shifts the 
maxima the vibrational spectrum. more accurate comparison for meas- 
uring the rotational Raman shifts was obtained photographing the spec- 
trum juxtaposition with the rotational spectrum oxygen. 

RESULTS AND DISCUSSION 
The Rotational Spectrum 

The rotational spectrum was photographed without the cylindrical lens 
front the photographic plate exposure hr. Kodak 103a-O 
spectroscopic plates with 4358 the exciting line. The frequency shifts 
were measured with Hilger comparator two observers and the results 
averaged. Table gives the average the corresponding Stokes and anti- 

TABLE 
THE ROTATIONAL RAMAN SHIFTS 


Assignment Assignment 
38.79 S(13) 68.21 S(24) 
41.58 S(14) 70.93 
44.25 S(15) 73.63 
46.83 S(16) 76.27 S(27) 
S(17) 78.77 
52.10 S(18) 81.45 
54.81 S(19) 84.12 S(30) 
57.51 86.92 S(31) 
62.88 S(22) 92.28 S(33) 
65.46 94.65 S(34) 


Stokes lines and the rotational assignments, The lines with lower 
values and all the lines were obscured halation the plate the 


neighborhood the exciting line. 
The Raman shifts the lines (AJ +2) for the symmetric top model 


are 


are small centrifugal stretching constants.* The term will neglected 


*The nomenclature used corresponds the main that Herzberg (1945). 
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since the small splitting which gives rise was not observable. The values 
the rotational constants obtained from least squares analysis the data 
has been determined previously several authors from the rotational struc- 
ture parallel infrared bands. The values obtained are 0.668 Smith (1941), 
0.664 Sinha (1950), and Guenthard, Lord, and 
McCubbin (1956). The Raman value shows very satisfactory agreement 
with the most recent and probably the most accurate the infrared values. 


The Vibrational Spectrum 


Eight spectrograms the vibrational Raman spectrum the gas were 
obtained, but none these was any rotational structure apparent. The 
maxima observed for the vapor and the liquid are listed Table with 


TABLE 
OBSERVED MAXIMA THE VIBRATIONAL RAMAN SPECTRA GASEOUS AND LIQUID 


Frequency, 


Assignment 


Liquid Gas 
736.6 
867 866.0 vile’) 
1131 1132.5 
1146.0) 
1198.5 
1188 1188.2 
1442.5 
1502 
2851 2866.7 
O5Q 5 
3009 3018.5 
3021.4 
3075.0 
3073 3089.8 
3109.0 


assignments based the discussion given below. The frequencies were 
measured from the microphotometer traces several spectrograms taken with 
different exposure times, which for the vapor varied from 100 hr. and for 
the liquid from hr. Figs. and microphotometer traces the vapor 
and liquid spectra are reproduced. 


The Totally Symmetric Bands 

The three totally symmetrical Raman frequencies v2, and have been 
fairly well identified the spectrum the liquid from depolarization measure- 
ments. However, the high dispersion spectrum the gas permits greater 
precision the assignments. 
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(a) 
(b) 


(4047) %, 


From 4047 


From 4358 Raman Displacement 


Fic. traces the vibrational Raman spectra gaseous (a), liquid 
cyclopropane the region from 4358 and the 2950-3100 region 
from 4047. Unless otherwise indicated, the frequency scales refer bands directly above 


them. 


(4078) 
(a) (4078) 


1350 
(4078) 
(4078) 


1450 1500 
Raman Displacement 


traces the vibrational Raman spectra gaseous (a, and 
liquid (c) filter solution was used remove 4047 and 
4078 from the exciting radiation. 


The single band 1188 the liquid has been identified the 
ring breathing frequency, the gas the maximum occurs the same 
frequency but accompanied two satellite bands 1177.7 and 1198.5 


2%(4078) 
(4047) 
3000 WO 700 
(4078) 
1350 (400 1450 1500 
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first sight these appear the maxima the rotational wings 
v3, but intensity calculation shows that the separation the maxima 
too small. They are therefore assigned the maxima the and 
branches the degenerate band This band should occur this region 
but has not been identified previously. the liquid the two maxima merge 
because the hindered rotation, that the single strong band observed 
the liquid fact superposition and barely detectable shoulder 
1178 the liquid spectrum may the single maximum The 
fact that the 1177.7 maximum slightly more intense than that 
1198.5 the vapor spectrum probably caused the fact that the 
band superimposed it; simple calculation shows that the 
frequency the isotopic molecule near 1175 

The symmetrical deformation frequency assigned the two 
sharp lines the gas 1454.0 and 1504.6 The splitting the frequency 
due Fermi degeneracy with the fundamental which 
738.8 Fig. seen that the intensities the two lines are 
almost equal, that the Fermi degeneracy practically exact. The unper- 
turbed frequency therefore 1479 and the components the 
doublet cannot given even approximately the separate assignments, 
and 

The stretching frequency has been identified previous 
investigators with the strong doublet 3027 and 3009 the liquid; 
however, the assignment complicated the occurrence this region 
Which both infrared and Raman active. The spectrum the gas Fig. 
clarifies the situation. shown below, the two maxima 3018.5 and 3021.4 
are almost certainly the maxima the branches The fre- 
quency therefore corresponds the strong band 3038.0 the gas. 
Fermi degeneracy with are 3014.8 and 2959.5 The 
components have comparable intensities the (v2, 
doublet. The occurrence here third overtone, unusual the Raman effect, 
consequence the close resonance and The high dispersion 
spectrograms explain the observation Ananthakrishnan (1936) that the 
3009 and 3027 lines the liquid show remarkable change relative 
intensity passing the vapor; the major part the intensity the 3009.5 
line the liquid due the band, and this part the intensity 
spreads out over large frequency region when the molecule freely rotating 
the vapor. 

weaker satellite shifted towards lower frequency values; this 
seen most clearly the band excited 4078 Fig. The 
may caused perturbation some the intermediate levels the 
upper state leading break the degraded intensity the branch. 


The Doubly Degenerate Bands 


cyclopropane has symmetry, has been assumed, there should 
four Raman active vibrations the species and three the species 
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the vibrations are also infrared active. shown Placzek and Teller 
(1933) and Herzberg (1945), the selection rules are +1, for both 
species, for the species, and for the species. 
The bands therefore consist series subbands with and 
branches, where the superscripts and refer the transitions 
and +2, respectively, each these branches being accompanied 
and branches corresponding the transitions +1, +2. 
The structure the bands similar except that the branches must 
labelled and The structure the degenerate bands thus very 
complicated, and individual transitions, (J’, can resolved 
only light molecules. However, might expected that the branches 
would appear resolved lines superimposed continuous 
background formed the and branches subbands. The fre- 
quencies the branches are given the formulae: 


these expressions the band origin, and the vibrational angular 
momentum the particular degenerate vibration considered; assumed 
the right-hand side the equations holds for and the minus sign 
for —1, —2. should noted, however, that each the branches 
composite since contains all transitions, for series values; 
the components are displaced the amounts 
the spectrograms obtained resolution the individual branches 
was apparent for any the degenerate bands. some cases this may 
caused the spacing —B] being too small, 
the fact that sufficiently different from zero. However, some 
the bands show two maxima which must identified with the maxima 
the two series branches present each case. principle, the and 
values are known for the molecule, the distance between these maxima can 
used determine the value for the corresponding vibrational form. 
Since the lines the series are first approximation equidistant, the 
intensity profile the unresolved band corresponds the envelope the 
intensities the individual lines. calculation the theoretical intensities 
can thus used calculate approximate values and for the band. 
The intensity branch given the expression 


J=K J=K 


where constant which determines the absolute intensity, the frequency 
which may assumed constant over the band, the statistical weight, 
and the transition probability derived Placzek and Teller (1933) 
terms and The rotational energy, the ground vibrational state, 
F(J, K), given by: 
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for K+2. The statistical weights for cyclopropane have been 
determined Wilson (1935). addition the usual factor, 
has second factor which gives intensity alternation 

The intensity calculations were carried out FERUT, the electronic 
digital computer the Computation Centre, University Toronto. Since 
was not known how rapidly the summation would converge, was 
arranged for the computer terminate the series automatically when the 
ratio I(J, became less than For the and lines, 
about thirty values were required; for the and lines, about twenty. 
The values used for the rotational constants were 0.6697 
determined this investigation, and 0.423 calculated from the 
C—C distance 1.52 the C—H distance, 1.08 and the H—C—H angle 
118°, determined from electron diffraction data (Bastiansen and Hassel 1946). 

The results the intensity calculations are shown Fig. plots 
against for the and series. The value for the maximum 
for each series can read off from the graphs, and the relations between the 
separation the maxima the series branches, Avos, and the 


constant can then calculated. The relations are —4.95+4.24¢ 
for the species, and —9.88—16.92¢ for the species. These 


(a) the vibrational species, (6) the species. 


K 


MATHAI AL.: CYCLOPROPANE RAMAN SPECTRUM 1455 


equations are given graphical form Fig. will noted that for the 
species the separation can vary from —0.7 —9.2 and for the 
species, from —26.8 +7.0 negative value means that the 
(or branch the high frequency side and the (or branch 


1.0 -0.5 0.5 1.0 


for the and species. 


the low frequency side; this reversal the usual situation can occur be- 
cause negative for cyclopropane. The observed magnitude can 
used some cases identify the species. Thus, the spacings the 1177.7 
and 1198.5 maxima and the 3075.0 and 3089.8 maxima show 
that these must bands. 

The band origin, vo, degenerate band approximately, but not exactly, 
halfway between the maxima the subbranches. From the formulae for 
and the values for the maxima determined from Fig. can easily 
shown that the band origins are given by: 


the four bands, which are both infrared and Raman active, only 
and were observed. The band, with maxima 3018.5 and 3021.4 
shows the unresolved branch pattern Fig. and the analysis gives 
0.49 and 3019.9 The band which has been associated with 
infrared absorption shows single branch maximum with accompanying 
and maxima. According the high dispersion infrared work Smith 
(1941) the branch maximum 3024 thus showing discrepancy 
some with the Raman observations. Since fairly certain that 
neither the Raman nor the infrared frequency can have experimental 
error this magnitude, suggested that the infrared band might assigned 
the combination tone which has the approximate frequency 
3020 realized that this interpretation involves 
the assumption that the combination tone has greater infrared 
intensity than the fundamental band; however, this seems more reasonable 


-10 } 
| | 
-20 
| 
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than ascribing the Raman band toa high order combination tone. The Coriolis 
constant, 0.49, obtained from the Raman analysis, appears too high for 
stretching vibration and shows poor agreement with the value, 
calculated Guenthard, Lord, and McCubbin (1956) 
from normal coordinate treatment the molecule. The calculated value 
would require the separation the maxima 4.5 whereas 
the measured value 2.9 The discrepancy may well caused slight 
displacement the maxima difference the rotational constants the 
upper and lower vibrational states. 

The band very weak and could observed only when the 3000 
lines excited 4078 were removed filter; consists single broad 
maximum 1442.5 The band shows the vapor single broad 
maximum 866 flanked two weaker maxima about 
apart. The latter obviously correspond the maxima the rotational 
wings. neither these bands were two maxima observed, although the 
calculated values are —4.4 and —9.0 using the constants 
Guenthard, Lord, and McCubbin (1956). must therefore concluded that 
the proposed method for obtaining values from the band contours unsatis- 
factory when the spacing the maxima small, the bands 
cyclopropane. 

All three bands were observed. The band (Fig. shows the expected 
contour, and the separation the maxima 3075.0 and 3089.8 
gives 0.29 and 3082.2 The subsidiary maximum 3109.0 
corresponds the maximum the high frequency rotational wing. 

The rocking frequency has not been previously observed, although 
estimates its frequency have been made various authors. Linnett (1938) 
suggested the value 1250 account for the 382 line observed 
Harris, Ashdown, and Armstrong (1936) the difference tone 
Saksena (1939) predicted the value 1252 from normal coordinate 
calculation. Kistiakowsky and Rice (1940) interpreted the 382 line* 
Which gives 1125 for this value was considered more 
line with the specific heat data. the present study identified with the 
two maxima, 1177.7 and 1198.5 which occur either side 
line the vapor spectrum; the analysis gives 0.68 and 
The band origin thus coincides with the maximum the band. 
The broad weak maximum 1146 which not present the liquid 
spectrum, can assigned the maximum the overlapping and 
branches. 

The band appears weak doublet 736.6 and 741.4 the spec- 
trum the vapor. The separation the maxima, 4.8 allows two values 
quantity. From the discussion the sum rule which follows, the value 
—0.86 appears more satisfactory and gives 738.8 

*This line was not observed the present investigation. However, may well real and 


can assigned which would have the frequency 1132 the vapor. 
band should also active infrared absorption. 
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According Lord and Merrifield (1952) and Boyd and Longuet-Higgins 
(1952), the sum rule for the vibrations 


—0.86 thus appears that more probable. The 
discrepancy between the theoretical and experimental sums measure 
the accuracy the procedure used for obtaining constants from unresolved 
Raman bands. The error the individual constants probably not greater 
than +0.10. The method seems therefore useful contribution the 
problem obtaining molecular constants from unresolved Raman and 
infrared bands, problem which will particular importance for heavier 


molecules. 


The Inactive Frequencies 

very weak but unmistakable maximum occurs 1132.5 the 
gas; less well-defined the liquid (Fig. 1). Since all infrared and Raman 
active fundamentals can accounted for otherwise, and since overtone 
combination band occurs this region, the line must ascribed one 
the inactive fundamentals, and Baker and Lord (1955) have 
found that the values 1125 and 975 for and respectively, give the 
best assignment the infrared combination tones; the 1132.5 line will 
therefore assigned Its activity the Raman effect can 
ascribed either Coriolis interaction with nearby frequencies 

The identification leads the frequency parallel infrared band 
the basis the present investigation, excluded possibility; 
the combination band thus gives 963 for 


CONCLUSIONS 


Table III contains summary the fundamental frequencies 
the vapor state. All the frequencies have now been determined directly 
from Raman and infrared spectra, except the inactive whose frequency 
estimated from infrared overtone band. There perhaps some doubt 
about the description the bands; for example, and may eventually 
interchanged. However, those questions can probably settled 
normal coordinate calculation now that complete set fundamental 
frequencies available. 

The investigation cyclopropane has illustrated some potentialities 
high dispersion Raman spectra gases, even when the rotational structures 
the vibrational bands are not resolved. Because the hindering molecular 
rotation liquids there usually marked difference between the shapes 
degenerate and non-degenerate bands symmetric top molecules. 
therefore necessary depend depolarization measurements, 
not always lead reliable vibrational assignments. Thus, liquid cyclo- 
propane the 1188 band really superposition and and the 
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TABLE III 
FUNDAMENTAL FREQUENCIES CYCLOPROPANE THE VAPOR STATE 


Frequency 


Designa- Species Description Activity 

tion Raman Infrared* 

twisting Inactive 1132.5(Q) 

ring deformation (AK +2) 866.0(max) 868.5(Q) 


*The infrared frequencies are taken from Baker and Lord (1955). 
from the infrared combination band 2095.5 


3009.5 band mainly with superimposed; these facts could not 
established from depolarization measurements, however accurate. One 
therefore suspects that many vibrational assignments made from the Raman 
spectra liquids are spurious, least incomplete, especially more com- 
plex molecules. the spectra gases the difference appearance degener- 
ate and non-degenerate bands marked that mistakes identification 
must much less frequent. addition, the intensity contours unresolved 
degenerate bands can turned good account distinguishing degenerate 
species and the calculation approximate constants, provided the spectro- 
graphic dispersion high enough separate the maxima. this respect, 
Raman spectra have advantage over infrared spectra since, the latter, 
the branches have only single intensity maximum. 
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THICKNESS CONTROL THIN LAYERS' 


ABSTRACT 


Observation path differences means interferometric arrangement 
making use birefringent crystals has been described Im- 
portant advantages the method are the fact that the interferometric part 
concentrated the eyepiece, and its ruggedness, the interference taking place 
within the crystal plates. can therefore adapted other purposes than 
microscopic observation. Only those objects that are lying within the depth 
limits the field give observable effect. With the use large aperture 
object glass, this depth can kept within narrow limits. Thus the effect phase 
objects outside the sharp field slight influence. This means that the 
object studied can placed between glass plates bad qualitv. conse- 
quence can measure the thickness coatings vacuum, that is, during 
the operation evaporation. The light enters and leaves the vacuum vessel 
through windows thick plate glass. The light source and the interference eye- 
piece are mounted outside the vessel. The measurement the thickness the 
coating effected means plane-parallel glass plate, placed non- 
parallel part the light pencil. With white light the field divided sections 
different colors, which may serve measure the thickness the layer (with 
reference screened part the same surface which layer formed). 
better way observe monochromatic light. proved possible measure 
simultaneously the thickness and the absorption layer. 


Observations path differences interferometric arrangement 
employing birefringent crystals has been described (1952, 
1953, 1954). has advantage over the Michelson type interferometer, 
that interference takes place within the crystal, thus obviating very accurate 
setting the optical parts, and over both the Michelson and the Fabry-Pérot 
types, that the interferometer concentrated the eyepiece; its sensitivity 
comparable that the Fabry-Pérot type. 

There are two points that make further research with the crystal inter- 
ferometer promising. the first place type measurement other than 
matching even remembrance color must introduced order make 
acceptable for current use. the second place clear that phase differences 
the object space only produce appreciable change color the other- 
wise one-colored field view when the objects producing the phase differences 
are not too far from the plane which focusing has taken place. The further 
the phase object recedes from the focusing plane, the more the irregularities 
the wave front produced spread out. This implies that glass plates 
non-optical quality may introduced the light path, provided they are not 
near the object being studied. 

the following setup described measure the thickness coatings 
vacuum vessel. The light enters and leaves the vacuum vessel through thick 
slabs plate glass, and possible follow the increasing thickness 
thin layer during the process evaporation. 


the same time the objects coated (not shown the figure). means 


1Manuscript received July 13, 1956. 
Contribution from the Laboratory for Technical Physics, Delft, Holland. 
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screen Scr one-half prevented from being coated the vapor 
stream. this mirror step produced which the thickness measure 
the coatings the other objects being treated. order get sharp step, 
the vacuum must good, few parts mm. Hg. The distance CM; 
about 0.5 meter and the screen only few millimeters from M3. 

Light entering the window leaves the vacuum vessel The lens 
forms image the step where plane-parallel plate put, the use 
which explained below. The image the step projected the lenses 
and the front focal plane the eyepiece Ly. Between and Savart 
plate introduced. polarizing filter placed before this; another polarizing 
filter acting analyzer, put before the eye. auxiliary crystal plate 

The illuminating pencil light, coming from slit and collimating lens, 
shown Fig. parallel pencil the vacuum vessel. The lens forms 
image the slit its back focal plane. Between the lenses and the 
beam parallel again. 

Half the plane wave, reflected retarded the step with 
reference the half from the uncoated part. Its form illustrated the 
stepped line between and The Savart plate forms two waves the same 
form. The path difference between these two determined the inclination 
the pencil incident the same time the two waves are displaced with 
reference one another lateral direction. This illustrated the two 
stepped lines between and L;. the portion the containing the step 
additional path difference introduced the step. Thus the field 
has certain color and crossed strip another color, illustrated 
Fig. where the lenses are not shown and the directions vibration have been 
indicated. 

The inclination the incident wave altered way that easily 
measured means the plane-parallel glass plate Pp, which shifts the image 
the slit laterally, when not perpendicular the axis the pencil. This 


Fic. Formation the two interfering waves. 


t 
if 
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plate thickness mm. makes possible change the path difference 
between the two waves by, say, two wavelengths, when turned through 
angle 90°. the lower part Fig. the plate imagined present 
behind the plane the drawing. gives rise what seen the right half 
the field view (lowest circle, right half). The left half the field view 
has other colors, since lacks the plane-parallel plate (see Fig. center circle, 
with corresponding drawing the light rays). The upper circle Fig. shows 
the combination the two halves the field view; the (upper) drawing 
the light rays gives side view the optics from the eye. 

Turning the plane-parallel plate not only influences the colors but 
also shifts the strip, can seen from Figs. and which show the field 
view different settings the plane-parallel glass plate. Fig. the last 
plate perpendicular the pencil; both halves the field are equal. Fig. 
the plane-parallel plate has been turned. possible find position 
such that the field one half the field view has the same color 
the strip the other half the field view (see Fig. 6). This way 
matching gives very reproducible results when absorption the coating not 
appreciable; otherwise fails because precision matching too much im- 
paired. 

easily possible devise instrument that the path difference 
produced the step observable displacement the field view. For 
that purpose second Savart plate followed polarizing filter replaces the 
analyzer, has been suggested 1951. Fig. shows the results 
with step about readily seen that precise measurements are 
practically excluded the broadness the maxima and minima. Attempts 
improve this introducing two, three, even four auxiliary Savart plates 


Fic. absorption the step. 
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instead one and the same time making the plane-parallel plate cover 
the whole aperture—as Figs. and 9—failed give satisfactory results. 


the end returned the first method but used monochromatic light 
super-high-pressure mercury lamp with green filter). the same time 
arranged for the plane-parallel plate cover the whole field view. 
this way the strip could photometrically matched the field. 
was immediately apparent that this could not done the same time for 
both the right and the left side the strip, because absorption the coating 
makes circumstances different the right and left side. 

This can understood inspection Fig. where the two waves are 
drawn particular case, the step being 0.1786 wavelength and the 
absorption the step being 0.32. the left side the field matched 
with the strip Those parts the two interfering waves corresponding the 
absorbing (or less reflecting) ‘parts the object have been indicated 
hachures. there had been absorption the phase differences and 
would have been equal. this case, however, for matching and must 
larger than BC. For matching and that the strip with the right-hand 
side the field (see R), must larger than EF. matching the strip 
with each half the main free field, both the path difference and the 
absorption the strip are found. 

path differences that are 0.5 wavelength either larger less, the same 
general reasoning holds. 

the case given, the over-all intensity the field view high; with 0.5 
wavelength added subtracted the field much darker. Further consideration 
the formulae not only makes this clear but also agreement with the 
observed fact that with field the difference setting left and right 
larger than with ‘‘dark”’ field. There generally one region (here field) 
where the settings give more reiiable values for the path difference and for the 
absorption. 

For step ZnS glass the following results were obtained. Two steps 
were made Delft evaporation good vacuum January 1956. The 
thickness was measured shortly after the formation the layer means 
multiple beam interferometer. The result was for each the two 
steps. The measurements with Savart plate Ottawa gave 710+30 for 
each the steps. The absorption found for one layer while 
Cary spectrophotometer gave 22% for the wavelength 5460.7 Putting 
the two steps together, their combined thickness appeared 
The agreement satisfactory, though small defects the material and the 
mounting the Savart plates seem set limit precision, which can only 
lowered improving the Savart plates. 


Fic. plate perpendicular pencil. 

Fic. plate turned one direction. 

Fic. plate turned other direction until strip right half matched 
with field left half. 

Fic. Auxiliary Savart plate before the eye. 

Fic. Two auxiliary Savart plates; the fringes the main field are symmetrical. 

Fic. auxiliary Savart plates; the setting aimed symmetry the strip. 


Figure 


Figure Figure 
Figure Figure 
4 
Figure 
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Experiments Delft are proceeding this direction. the meantime 
temporary stay the laboratory the National Research Council Ottawa 
gave opportunity test the precision. Though these experiments have not 
been concluded, preliminary results show that precision few per cent 
the absorption transmission step and less than 0.005 wavelength 
the thickness the step can readily measured. 

seems worth while study the usefulness the ingenious method 
Frangon for the determination the changes evaporated layers when air 
admitted the vacuum chamber. 


conclusion the author wishes thank Mr. Leipoldt, who set 
the measuring device Delft and tested its practicability, Mr. von Morgen 
for the preparation the steps and their testing interferometric measure- 
ment, Mr. van Ligten for the taking the Kodachrome pictures, and 
Mr. Walther for his help during the measurements Ottawa. tenders 
his thanks the National Research Council Canada for the opportunity 
working its laboratories, and especially Dr. Howlett, Director 
the Division Applied Physics, for his invitation and him and his 
staff for their invaluable help. 
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CATHODIC GLOW-TO-ARC 


GAMBLING 


ABSTRACT 

One the main factors determining the onset transition 
the electric field the cathode surface. Because the physical properties the 
cathode dark space this field can only measured low pressures and hitherto 
only crude estimates its value have been possible high pressures. This paper 
develops method whereby the cathode field strength can determined any 
pressure from simple measurement the cathode current density. This has 
been done for the typical cases copper electrodes hydrogen and air. The 
effect cathode field strength and other parameters transitions 
discussed. 

INTRODUCTION 

The cause glow-to-arc transitions low melting point cathodes has 
been the subject many investigations and large number possible 
mechanisms have been put forward (Cobine 1941). For clean surfaces and pure 
gases perhaps the most likely explanation that enhanced emission from 
surface irregularities and interesting note that two recent investigations 
also lead this conclusion. Boyle and Haworth (1956) have reported that 
transitions take place when the field strength the palladium cathode 
abnormal glow air exceeds critical value. Field emission from points 
the surface then results instability and transition. study the effects 
impurities the cathode Price (1955) were able show that, the 
absence low work function impurities, transitions did not occur unless the 
surface (clean contaminated) was irregular. 

The most important factor influencing glow-to-arc transitions thus appears 
the macroscopic average field, the cathode surface. possible 
the thickness the cathode dark space, since where the 
cathode-fall voltage. higher pressures the dark space very thin and direct 
measurements cannot made. Thus only relatively crude estimates the 
cathode field high pressures have been possible. This paper develops 
method whereby the field the cathode can found high pressures, inde- 
pendently the temperature the cathode dark space, from the simple 
measurement the cathode current density. 


THEORY 
low pressures the cathode dark space behaves accordance with the 
principle similarity and has been shown (von Engel a/. 1933; Gambling, 
published) that when allowance made for the temperature rise the 


cathode dark space this principle also holds for the full pressure range from 
mm. atmospheric pressure and above. 


1Manuscript received July 18, 1956. 
Contribution from the Department Electrical Engineering, University British Col- 
umbia, Vancouver, B.C. 
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For the normal glow thus have the following relations between the 
cathode current density, the pressure, the mean temperature the 
cathode dark space, and 


(1) 
and 
(2) 


not easily measured but the constants and may found 
measurements and E,, sufficiently low pressure (e.g. mm. Hg) that 
does not differ appreciably from room temperature. Thus for copper elec- 
trodes 

5.2 and 19.5 amp. (mm. 


and 


hydrogen and air respectively. 

Once these constants are known, then can found any temperature 
and pressure the simple process measuring since may found from 
Eq. (1) and substituted Eq. (2), eliminating obtain 


(3) 


Although Eq. (3) enables calculated without knowing should 
emphasized that (and does depend This may well explain the 
discrepancies the measurements cathode current densities high 
pressures (Gambling and Edels 1954). 

Thus important relation has been found which enables the electric field 
the cathode normal glow high pressures determined with 
reasonable degree accuracy. This has been done for the case copper 
electrodes hydrogen and air. Copper was chosen because typical non- 
refractory type metal which may obtained high state purity, 
because the high-pressure glow stable over greater current range 
this than other gases, and air because its practical importance 
switching and other devices. 

EXPERIMENT 

The power density the cathode glow discharge hydrogen atmos- 
pheric pressure kw. that avoid overheating high currents 
necessary use water-cooled cathode. Preliminary experiments also 
showed that with materials normal commercial purity transitions occur 
very frequently over the current range proposed that very pure electrodes 
were necessary. Accordingly cathode in. diameter was constructed 
spectroscopically pure copper sheet 1/16-in. thick and supported that 
could cooled jet cold water the rear surface. The anode consisted 
diameter rod also spectroscopically pure copper. After being 
cleaned and polished, the electrodes were mounted the discharge vessel and 
further cleaned operating each alternately the cathode glow 
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hydrogen low pressure for several hours, the gas being changed frequently. 
Fresh hydrogen was then admitted the required pressure, and with 
electrode separation mm. the cathode current density was obtained 
photographic measurement the diameter the negative glow. This was 
done for decreasing currents that the cathode surface conditions remained 
approximately constant, and various pressures. 


RESULTS 


would expected from the similarity principle the cathode current 
independent current. This good indication that the current 
uniformly distributed across the cathode spot, and that there departure 
from similarity that Eq. (3) can applied. From these and other measure- 
ments low pressures (von Engel 1933) has been evaluated for 
hydrogen and shown Fig. measurements (Gambling and Edels 
1954; von Engel 1933) are used give the curve for copper elec- 
trodes air. 


Variation with (mm. Hg). The experimental points were 
obtained follows: present measurements, @von Engel al. (1933), Gambling and Edels 
The dashed curve for air and was obtained using the approximate method based 
(4). 


Boyle and Haworth (1956) give approximate expression for air 
which based the ion drift velocity equation for oxygen and nitrogen: 


(4) 


where the drift velocity and the pressure corrected standard 
temperature. The values obtained are also plotted and these are 
rather lower than those given the method discussed above. The discrepancy 
may due the fact that Eq. (4) known hold only 


107 
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1000 Hg) whereas over large part the cathode dark space 
air greater than this, falling from 2500 Hg) the 
cathode zero the negative glow. Furthermore Eq. (4), which was obtained 
uniform field, unlikely hold accurately region where the field 
varying rapidly. 


DISCUSSION 


The figure shows that the average field the cathode proportional the 
pressure low pressures, when the temperature rise small, accordance 
with Eq. (2). the higher pressures E,, increases less rapidly owing the 
rise temperature the cathode dark space. Since, for example, air 
the temperature atmospheric pressure when 5X10° may 
found from Eq. (2) 1080° This rise temperature result the 
increase the power developed the cathode dark space from 
cause the higher thermal conductivity and the lower current density the 
corresponding rise temperature hydrogen much less. 

hydrogen and air respectively the field strength the cathode atmos- 
pheric pressure and volts/cm. and approaching values 
which field emission may expected from surface irregularities. The field 
enhancement factor, due this cause matter some doubt. For 
‘smooth’ oxidized surfaces Llewellyn Jones and Perrelle (1953) obtained 
value ~10 which increased greatly when metal particles due heavy-current 
sparking were present the surface. possible calculate value 
from the field emission current measurements Boyle and Haworth (1956). 
Using the nominal value the work function, comes out ~65, and 
this seems rather high even considering the violent bombardment which the 
surface undergoes when sputtered clean abnormal glow. However, the 
effective value the work function unknown but will less than the 
nominal value that the calculated this way must taken upper 
limit. Because the uncertainty concerning the work function Boyle and 
Haworth themselves purposely avoid deducing value. The subject field 
enhancement still debate (Lewis 1955) and seems reasonable assume 
that for cathode that has been glow cleaned, may ~10 even higher 
depending the treatment used. Another difficulty arises from the possible 
lowering the work function due irregularities (Lewis 1954). The work 
function and appear the exponential term the field emission equation 
and may thus expected have marked effect the transition current. 
This accordance with observation. 

important consequence the above analysis concerns the methods used 
prevent glow-to-arc transitions and the resulting destruction the cathode 
surface which occurs, such applications low current switches and the 
transmit-receive devices used radar. has generally been assumed that 
order avoid transitions non-refractory cathodes necessary provide 
adequate cooling. The above theory indicates, however, that cooling encourages 


al 
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transitions since Eq. (2) shows that Thus most interesting 
note that with copper, silver, and iron electrodes hydrogen and nitrogen 
(Cady 1916; Price 1955) glow may obtained currents between 
and amp. pressures atmospheric even though the cathode becomes 
hot that melts and approaches boiling temperature. This behavior may 
now readily understood. When the cathode molten, not only re- 
duced because the high temperature, but surface irregularities disappear and 
seems likely that the transition which finally occurs the result 
local solidification and the formation cold irregularities the edge the 
cathode. Thus transitions are more likely prevented the cathode 
allowed remain hot. 

far the applicability the similarity laws the cathode dark space 
high pressures has been reasonably demonstrated only for hydrogen and air, 
and departures from similarity will observed discharges which certain 
fundamental mechanisms, such the various cumulative processes, become 
appreciable. The above theory can applied any normal glow which the 
similarity laws are obeyed the cathode dark space. Two necessary properties 
such discharge are that the cathode-fall voltage shall independent 
pressure, current, and temperature, and the cathode current density inde- 
pendent the current. 
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SPECTRUM THE MOLECULE BETWEEN 3600 AND 4200 


NorMAN AND HERBERT BROIDA 


ABSTRACT 

bands have been observed the emission spectrum acetylene-oxygen 
flame with excess acetylene. addition the usually observed bands the 
4050 group, weak bands wavelengths less than 4000 and greater than 
4100 have been observed. Measured wavelengths are given band-heads 
superimposed strong continuum, extending from 3600 4200 rota- 
tional analysis the two strongest bands with heads 4050 and 4072 
given also. The relative simplicity these two bands indicates that the com- 
plexity the other bands caused lines overlapping bands. 

INTRODUCTION 

The bands are spectral group that have been known the 
observed the spectra comets and late N-stars. They have been produced 
the laboratory electric discharges, flames and 
explosions, and carbon-tube furnaces. rotational analysis the strongest 
band with head 4050 was first obtained Douglas (1951) and later 
extended Kiess and Bass (1954). More complete summaries the investi- 
gations the molecule and the 4050 group are given Rosen and 
Swings (1953) and Herzberg (1955). 

Recent work Phillips and Brewer (1955) with carbon-tube furnace 
and Marr and Nicholls (1955) with flame has shown 
that the bands are associated with intense continuum reaching maxi- 
mum near 4000 This paper reports new group bands superimposed 
this continuum. 

The rotational analysis the 4050 band has been extended values 
about 110 the and branches and 137 the branch. addition 
analysis given the 4072 band. 

EXPERIMENTAL 

The bands are emitted strongly the luminous zone 
oxygen flame with acetylene-to-oxygen ratio (by volume) slightly greater 
than unity. The premixed gases were burned rectangular slot burner 
mm. long with width 0.076 mm. First, the flame was observed end-on 
and optimum flame conditions were found recording the spectrum from 
3600 4200 using grating monochromator with photoelectric detection 
(Fastie 1952; Broida and Shuler 1952). Low-dispersion spectra were obtained 
with quartz-prism spectrograph having f/4 camera. order obtain the 
highest possible contrast, Eastman Kodak High Resolution plates were used; 
these required about minutes exposure. Next, the spectrum 
graphed the first order 15,000 lines-per-inch grating spectrograph with 
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dispersion per mm. Exposures from seconds with Eastman 
Kodak Spectrum Analysis No. plates were needed cover the entire region 
from 3600 4200 Finally, the same type plate was used the second 
order 30,000 lines-per-inch grating spectrograph with dispersion 
0.88 per mm. Exposure times were from minutes. The wavelengths 
band heads and rotational lines were measured from these plates com- 
parison with iron-line standards. 
RESULTS 

Fig. direct tracing intensity versus wavelength obtained with the 
monochromator using photoelectric detection. relatively wide slit (50 mi- 
crons) and fast scan (100 per minute) were used. order show better the 
band-structure superimposed the continuum, biasing current equal 
one-half the signal obtained riear 4000 has been used. Thus the zero 
intensity twice deep the base the figure. will seen that the 
strongest band-head 4050 only about 10% the continuum beneath 
it. This spectrum was obtained from just above the inner cone flame with 
nearly one-to-one mixture acetylene-to-oxygen. The position the flame 
was selected give compromise between strong and strong emission. 
agreement with Phillips and Brewer (1955) and with Marr and Nicholls 
(1955), observe that the continuum has maximum near 4000 and 


4072 4050 

4100 4000 3900 3800 


Fig. Direct photoelectric recording emission from luminous zone fuel-rich acetylene- 
oxygen flame. 


PLATE 


4737 4315 4050 3883 3628 


Fig. Photographic spectrum from same flame Fig. f/4 quartz spectrograph 
was used with minute exposure Eastman Kodak High Resolution plate. The flame 
was imaged the slit. 
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extends from 3600 4200 Also the continuum falls off more rapidly 
the long-wavelength side the maximum than the short. should 
pointed out that certain electrodeless discharge emits only the stronger 
bands near 4050 with continuum. This discharge was operated 2450 
pressure near mm. Hg. 

The spectrum Fig. covering the same spectral region Fig. was 
taken from high-contrast plate the low-dispersion spectrograph. brings 
out the banded structure shortward 4000 Under higher resolution these 
bands show structure similar the stronger bands near 4050 Since these 
bands occur under the same conditions those the 4050 group and its 
associated continuum, these new bands also are probably due C3. Wave- 
lengths and wavenumbers all band heads (omitting and CH) detected 
between 3600 and 4200 are given Table The intensity column the 
eye-estimate the relative band-intensity above the continuum. The column 
marked estimate the relative probability that the band 
actually present, ascending numbers indicating greater probability. This 
latter estimate was made necessary the extreme difficulty detecting and 
measuring the weak band heads superimposed the strong continuum. 


TABLE 
WAVELENGTHS AND WAVENUMBERS OF MEASURED BAND HEADS OF C; 
3634 27510 1 1 | 3966.918 25201.38 3 2 
51.5 378 1 3 | 71.854 170.06 2 1 
68.9 248 1 2 75.449 146.99 2 1 
77.7 183 1 1 | 81.781 2 1 
87.3 112 1 3 88.3 2 2 
14.8 912 1 3 4007.589 ie 5 3 
29.0 809 1 2 08.730 < 5 2 
60.4 585 1 3 | 22.717 8: 6 4 
83.7 421 1 3 | 29.138 = 5 Zz 
14.2 210 1 1 i 41.676 735.25 4 2 
24.1 143 1 3 | 49.754 685.90 10 5 
33.3 080 1 1 64.963 593.55 4 3 
44.8 002 1 2 72.373 549.80 7 5 
3925.0 471 2 3 | 4115.24 293.1 1 3 
39.9 374 2 1 i| ‘8.30 157.7 1 3 
44.9 342 2 1 0.21 030.5 1 3 


Fig. shows the region photographed the second order 
30,000 lines-per-inch grating spectrograph. Wavelengths and relative 
intensities all measured lines between 4007 and 4103 are given Table 
Between 4007 and 4050 one set measurements was used; between 
4050 and 4103 the average two sets measurements was used. this 
latter region most the lines are identified belonging either two 
bands—one forming head 4049.750 and the other 4072.386 With 
these identifications, 70% the line-intensity above the continuum explained 
the region 4050-4094 4094 lies the head another band, which 


has not been analyzed. 
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MEASURED WAVELENGTHS ROTATIONAL LINES BETWEEN 4007 AND 4104 (continued) 


Intensity Identification 


56.015 


58.091 
-247 
402 
517 
.660 
-736 
.899 

59.043 
.319 
A404 


551 


R(26) 
R(30) 
R(32) 
R(34) 
R(38) 
R(40) 


R(42) 

R(44) 

R(46) 

R(48) 

R(50) 

R(52) 
R(54), Q(7) 
Q(9) 

R(56), Q(11) 
Q(13) 
R(58), Q(15) 
R(60), Q(17) 


R(62) 
Q(21) 


R(64), 
R(66), 
R(68), Q(27) 
R(70), Q(29) 
R(72) 


Q(33), P(16), R(74) 


Q(35), R(76) 
P(18) 


Q(37), R(78) 


P(20) 
Q(39), R(80) 


Q(41), R(82) 


Q(43), P(24), 


R(86) 
Q(45) 
P(26) 
R(88) 
Q(47) 


P(28), R(90) 
O(49) 


R(92) 
P(30) 
Q(51) 
R(94) 
Q(53), P(32) 
R(96) 


Q(55) 
P(34), R(98) 


R(84) 


1] 
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4059.670 
.831 
60.072 
-195 
.290 
731 


61.287 


62.208 


63.104 
64.097 


65.032 


66.068 


Q(57) 
R(100) 
P(36) 


Q(59) 
R(102) 


P(38) 


Q(63), P(40), 


P(42) 


R(110) 
Q(67) | 
P(44) | 
Q(69) 


P(46) 
R(114) 
Q(71) 


P(48) 

Q(73) 

Q(75), P(50) 
bh 


Q(77) 
P(52) 


Q(79) 
P(54) 


Q(81) 


P(56) 
Q(83) 


P(58) 
Q(85) 


Q(87), P(60) 


P(62) 


Q(91) 
P(64) 


P(66) 


P(68) 
Q(97) 
r(24) 
r(26) 
r(30) | 
r(32) 1] 


7 2.898 
73.006 
-114 


P(70), r(36) 
Q(99), 7(38) 
r(40) 
r(42) 
r(44) 
r(46) 


Q(101), P(72), 7(48) 
r(50) 


r(52) 


r(54) 
Q(103) 
P(74), r(56) 
q(17) 


@(19) 


r(60) 
Q(105), @(21) 


P(76), 
r(64) 

q(25) 
Q(107), 
P(78), r(68) 


r(70) 
Q(109), 


r(72) 
q(33) 
P(80) 
r(74) 


r(76) 
p(20) 


P(82) 
7(78) 
q(39) 
Q(113) 


r(80) 

q(41) 

p(24) 
P(84), r(82) 
Q(115) 
p(26) 


Q(117), P(86), g(47) 


49) 

q(51), P(88) 
@(53), p(32) 
Q(121) 
q(55), P(90) 


Q(123) 
p(36) 


P(92) 


| 
1475 
4048.477 
750 5 
5 .765 
51.168 
52.073 
76.104 
53.173 955 
477 
77.059 
.757 
79.070 
171 
72.027 .976 
83.033 
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TABLE (concluded) 
MEASURED WAVELENGTHS ROTATIONAL LINES BETWEEN 4007 4104 (concluded) 


667 2 2 g(95) 
735 «(1 2 1 
-226 2 (63), p(40) 1 1 
362 1 1 q(99) 
813 2 9(65) 2 p(56) 1 
85.160 1 1 1 
898 1 | 2 P(108) 1 
255 1 p(46) |] 2 1 
606 2 | 1 1 
661 2 | 1 q(87) 1 
.809 1 1 P(110) 1 
864 1 .36 2 1 
.099 1 | .703 1 1 
421 #1 | 947 1 q(89) 1 
956 2 q(75) 1] .288 1 1 
| .807 1 bh 


Wavenumbers the lines the two analyzed bands are given Tables 
and IV. Small differences between wavenumbers given these tables and 
wavenumbers computed from the wavelengths Table exist because the 
wavenumbers Tables III and are averages more than two sets 
measurements. These measurements, however, usually agreed within 
0.01 

Rotational constants and were obtained for the combining states 
both bands the usual plots versus (Herzberg 1950). 
The band origin was obtained for each band the usual plots 
versus J(J+1) (Herzberg 1950). The rotational constants and the band 
origins are given Table The estimates the precision these numbers 
are based the scatter points the plots used determine them. 

CONCLUSION 

Our spectra, illustrated Figs. and confirm the results Marr and 
Nicholls (1955) the presence the flame continuum 
associated with the bands. However, addition the continuum, find 
band structure throughout the region the continuum. These bands are 
extremely weak compared the continuum (about 1%), except between 
1000 and 4100 combination low dispersion and high contrast was 
required obtain plates which the. bands were readily discernible. 

Although effort was made fit the band heads into vibrational scheme, 
particularly useful arrangement was found. Several band-head differences 


KIESS AND BROIDA: SPECTRUM MOLECULE 1477 


were repeated often. For example, some differences approximately 523 
differences 264 and differences 133 were found. 
The 523 frequency close what can expected for 
carbon double-bond bending frequency. 

The rotational analysis (Tables III and IV) considered fairly certain, 
insofar the branches the bands have been picked out. The 4050 and 4072 
bands have similar structure. Although the rotational constants indicate that 
the lower states may the same for these two bands, feel that the com- 
bination differences render this conclusion uncertain. The following unusual 


TABLE III 
WAVENUMBERS MEASURED LINES THE 4050 BAND 


24675.38 24612.46 
4 24671.76 66 24555.85 24665.06 
75.14 08.93 
6 69.59 68 50.85 63.19 
74.75 05.43 
8 67.32 70 45.61 61.46 
9 74.33 71 01.85 
10 65.03 72 40.41 59.50 
11 73.32 73 598.17 
12 62.53 74 35.14 57.50 
13 72.79 75 94.53 
14 60.02 76 29.72 55.28 
15 71.76 77 90.83 
16 57.34 78 24.50 53.01 
17 70.60 79 86.88 
18 54.71 80 18.88 50.69 
19 69.40 81 83.00 
20 51.89 24685.65 2 13.48 48.30 
21 68.06 83 78.95 
22 48.76 85.91 84 07.82 45.78 
23 66.59 85 74.89 
24 45.53 85.91 86 02.04 43.55 
25 65.04 7 70.83 
26 42.25 85.91 88 496.43 41.08 
27 63.19 Ht 89 66.66 
28 38.48 85.65 90 90.58 38.48 
29 61.29 91 562.42 
30 35.22 85.33 1} 92 484.78 35.84 
31 59.32 93 58.26 
32 31.68 84.97 94 78.92 33.27 
33 57.27 95 53.88 
34 27.72 84.58 96 72.82 30.48 
35 55.13 | 97 19.48 
36 23.79 83.94 | 98 66.79 27.70 
37 52.97 99 44.99 
38 20.01 83.18 100 60.88 24.59 
39 50.69 101 40.41 
10 15.75 82.42 | 102 54.60 21.81 
48.25 103 35.78 
2 11.56 81.51 104 418.32 18.74 
43 45.73 | 105 31.16 
44 07.34 80.69 106, 42.02 15.75 
5 42.98 107 26.45 
16 03.09 79.56 108 36.04 12.46 
417 40.31 | 109 21.66 
18 598.73 i| 110 29.53 09.31 
19 37.52 | 111 16.76 
50 94.42 112 05.97 
51 34.66 113 12.00 
52 89.58 76.03 114 02.68 
53 31.72 | 115 06.97 
D4 84.93 74.70 | 117 02.04 
55 28.63 119 496.88 
56 80.26 73.32 | 121 
57 25.55 123 
58 75.56 71.81 125 
59 22.38 127 
60 70.81 70.32 129 
61 19.13 131 
62 65.89 68.56 133 
63 15.75 135 
60.88 66.67 137 


CANADIAN JOURNAL PHYSICS. VOL. 34, 1956 


TABLE 
WAVENUMBERS MEASURED LINES THE 4072 BAND 


| 


P(J) R(J) 


P(J) 
24521.37 24437.34 24533.33 
24484.22 
18.27 48.60 32.51 31.74 
80.90 
15.09 48.80 27.74 30.02 
31.16 77.50 
11.85 48.80 22.81 28.17 
29.56 74.02 
08.51 48.60 17.64 26.29 
27.71 70.42 
04.96 48.38 12.28 24.20 
66.79 
01.27 48.05 06.90 22.32 
21.66 59. 
47.01 396.17 17.88 
19.38 | é 55.2: 
16.98 
45.61 12.98 
10.31 
73.52 05.31 
69.51 02.62 
02.04 25.45 
60.88 40.41 
499.33 21.00 
56.48 39.09 
96.50 16.49 
52.07 37.63 
93.54 11.72 
47.22 36.24 
90.58 06.96 
42.25 
87.43 01.94 
TABLE 
ROTATIONAL CONSTANTS 
4050 Band 4072 Band 


features should noted, however. agreement with Douglas (1951), find 
that the A-doubling follows simple formula, and large even for low values 
Following suggestion Douglas (1953), the quantity 
was plotted versus According the relation 


this plot should give straight line whose slope For each band, 
however, smooth curve was obtained, the initial slope which was four 
times and the final slope which was one-half the value obtained 
from the combination differences. the lines near the origins both 
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bands were difficult measure, these features may due the J-numbering 
the lines being off unit. Attempts analyze other bands the system 
were not successful. Although the locations the band heads were measure- 
able, the closeness the rotational structure and the overlapping the many 
bands nearly equal intensity make the analysis very difficult. 


wish thank the Spectroscopy Section the National Bureau 
Standards for the use their large grating spectrographs. Also, wish 
express our indebtedness Dr. Ferguson for his suggestion look for 
the 4050 bands the emission from flames. 
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ENERGY AND ANGULAR DISTRIBUTIONS PHOTOPROTONS 


Dawson? 


ABSTRACT 

Thin foils aluminum, copper, rhodium, and gold were bombarded with the 
X-ray beam from the Mev. synchrotron. The resulting photoprotons were 
detected means Ilford C-2 emulsions moving-plate camera which 
enabled energy distributions about Mev. and angular distributions 
from 160 degrees with respect the X-ray beam determined. 
least 3500 tracks from each aluminum, copper, and rhodium and about 2000 
tracks from gold were measured. The experimental energy distributions have 
been compared evaporation theory with nuclear temperature independent 
excitation energy and photoelectric formula varying The evaporated 
component the observed photoproton energy distributions can fitted with 
constant nuclear temperatures 2.1, 1.1, and 1.0 Mev. for aluminum, copper, 
and rhodium respectively. has not been possible give interpretation the 
energy distribution photoprotons from gold. The angular distribution photo- 
protons energies greater than from aluminum shows pronounced 
forward asymmetry while those lesser energy, well photoprotons all 
observed energies from copper, appear have isotropic angular distributions. 
Higher energy photoprotons from rhodium Mev.) and gold 
Mev.) have angular distributions which are well represented 
This angular distribution attributed interference between 
electric dipole and electric quadrupole absorption. 


INTRODUCTION 


The present paper describes some measurements made the energy and 
angular distributions photoprotons produced bombarding various 
metallic foils with Mev. X-rays. The elements used were aluminum, copper, 
rhodium, and gold, which roughly span the periodic table. While similar 
measurements have been made elsewhere the first three named elements 
using lower bombarding energies (about Mev.) and aluminum 
Mev., was decided repeat these measurements with greater statistical 
accuracy and, with the exception aluminum, higher energy. 

Detection the photoprotons was effected means nuclear emulsions 
moving-plate camera, which described the next section. The section 
experimental results preceded short discussion some theoretical 
aspects the problem and followed comparison the present results 
with those obtained other authors. 

APPARATUS 

Fig. shows outline the construction the nuclear plate camera used 
the present experiments. metal foil, few thousandths inch thick 
and one inch long, placed the center well-collimated beam X-rays, 
tilted make small angle with the beam. nuclear plate in. in.) 
placed vertically with its long side parallel the beam. The plate slightly 
received July 26, 1956. 

Contribution from the Department Physics, Queen’s University, Kingston, Ontario. 
This work was reported the Toronto Meeting the American Physical Society June 23, 


1955. 
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OUTLINE CAMERA CONSTRUCTION 


Fic. Main features the moving-plate camera used for the determination the energy 
and angular distributions photoprotons. 


below the beam and off one side, with the emulsion facing the beam. The 
plate-holding carriage rests two tracks and driven back and forth 
regular fashion motor outside the camera, allowing some the protons 
leaving the foil various angles recorded. Actually two plates placed 
symmetrically with respect the beam are exposed simultaneously. The 
angular range covered the camera from 160 degrees with respect 
the incident beam, and angles are determined the angle included between 
the particle track and the long edge the plate. The plates are outside the 
160 degree angular interval when reversal the direction motion 
takes place. 

Collimation the X-ray beam width about 0.5 in. the target foil 
effected means lead collimator in. thick. The X-ray beam enters 
and leaves the vacuum-tight camera through 0.005-in.-thick aluminum 
windows. Protons (or any other particles) ejected from the windows are pre- 
vented from entering the emulsion such way appear though they 
came from the target foil means brass baffle placed beneath each 
window. The air pressure inside the camera was usually less than microns. 


EXPERIMENTAL PROCEDURE 


Centering the camera the X-ray beam was carried out using X-ray 
film, and the results from plates irradiated simultaneously either side 
the beam showed significant differences either the numbers protons 
their distributions. All irradiations were monitored with ionization 
chamber placed directly the beam and connected direct-current ampli- 
fier. The output the amplifier was fed Esterline-Angus chart recorder, 
giving permanent record the beam intensity during irradiation. The 
reading this monitor has been compared with that given Victoreen 
thimble behind 7.3 cm. lucite distance meter from the synchrotron 
target (Janzen 1953). 

Ilford C-2 nuclear research emulsions, 200 microns thick, coated in. 
in. glass backings, were used for all the irradiations. With the particular 
geometry used, emulsions this thickness allowed proton energy distributions 
about Mev. determined. temperature-change method was 
used for processing the plates (Dawson and Livesey 1956) and particular care 
was taken with the shrinkage factor measurements. 


X-Ray beam b 
“ 
scale 
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The majority the scanning and track measurements were carried out 
using combination objective and eyepieces which gave field view 
about 200 microns. During the reduction the data obtained from track 
measurements comparisons were made between the tracks found one transit 
and those found neighboring (overlapping) transits order eliminate 
any duplications measurement. Also the angle and dip measurements were 
used discard tracks which could not have originated the irradiated part 
the foil. 

Each accepted proton track was corrected for its range loss the foil 
according its angle emission. The corrected ranges were converted 
energies using Wilkins’ (1951) relations for protons C-2 
emulsions. further correction was applied the number observed protons 
with energies greater than Mev. order allow for those tracks which 
were not measured because they did not end the emulsion. 

experimental verification the calculated variation the camera’s 
collection efficiency with angle was made using radioactive source alpha- 
particles which are emitted isotropically. Actinium active deposit was col- 
lected brass plate size approximately that the irradiated part the 
foil. This source was placed the camera which was then pumped down 
100 microns before the motion the plates was started. Equivalent areas 
the two plates exposed either side the source were scanned, and over 
8000 tracks alpha-particles were recorded. The numbers tracks observed 
the two plates agreed within the statistical limits, and the angular distri- 
butions when corrected for the calculated angular dependence the camera’s 
collection efficiency were isotropic both plates. 


THEORY 
Two different types process have been invoked attempts explain 
the observed energy and angular distributions photoprotons from various 
elements. They are compound-nucleus formation, which will discussed first, 
and direct process which intermediate state formed. 


Energy Distribution Evaporated Protons 

Assuming compound-nucleus formation Weisskopf and Ewing (1940) have 
given expression for the energy distribution protons resulting from the 
absorption monoenergetic gamma-rays. Diven and Almy (1950) and others 
(Toms and Stephens 1951; Byerly and Stephens 1951; Butler and Almy 1953) 
have used this expression the calculation the energy distribution 
protons resulting from the bombardment element high energy brems- 
strahlung with the following 


Emaxy, 
number protons with energies between and 


binding energy proton (neutron) the target nucleus, 
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capture cross section for protons energy the residual 
nucleus having energy Ey, 
number photons energy per unit energy interval 
the bremsstrahlung spectrum, 
cross section for the (y, reaction photon energy for 
the target nucleus, 
w(Ey) level density the residual nucleus with excitation energy 
Ey, 
Emax Maximum bremsstrahlung energy. 


Three the quantities used equation (1) are based theoretical esti- 
mates. They are and The first two are usually considered 
known and the observed energy distribution used derive information 
about The values for nuclear radius cm. 
given Blatt and Weisskopf (1952) and (1946, 1951) calculation 
modified for absorption the X-ray beam the material between the 
synchrotron target and the target foil were used. The present experimental 
energy distributions are best reproduced equation (1) when level density 
the form (where constant and the nuclear tempera- 
ture Mev.) due Livesey (1955) used. This choice level density 
discussed more fully below. With this substitution equation (1) becomes 


Bypt+ 


Emax 


Equation (2) was used calculate the expected energy distribution photo- 
protons resulting from compound nucleus formation. 

form the level density that has been used number authors 
that resulting from the assumption that the particles the nucleus may 
considered degenerate gas, i.e. 


where the level density zero excitation and constant which 
usually taken However, Toms and Stephens (1951) 
and Butler and Almy (1953) have found that level density which increases 
more slowly than the predictions equation (3) with increasing excitation 
energy was required explain their observed photoproton energy distri- 
butions from and respectively. Livesey’s assumption that exci- 
tation energies less than about Mev. the nuclear temperature inde- 
pendent excitation energy yields level density the form 


(4) w(Ey) 


where constant determined from the conditions Mev. and the 
nuclear temperature measured energy units and approximately given 
Mev. With appropriate values and equation (4) predicts 
much slower rise level density over the first Mev. than equation (3), 
prediction which, Livesey has pointed out, accord with number 
experiments. 


€ 
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Energy Distribution Direct Protons 

Measurements the cross sections for the production photoprotons 
well the energy and angular distributions the ejected protons have shown 
that the compound-nucleus picture only partially explains the features 
these reactions. Courant (1951) found that several discrepancies could 
greatly reduced postulating that photoprotons could ejected direct 
photoelectric process. According this view the ejected particle gains sufficient 
energy directly from the incident photon overcome the potential barrier 
and leave the nucleus without any intermediate state being formed. 

calculation the cross section for photon absorption the direct process 
has been made Courant (1951) and the cross section turns out 
complicated function the photon energy. Toms and Stephens (1953) have 
found that the energy dependence the cross section may considered 
which close the dependence the photoelectric effect. Because 
the relatively large exponents these expressions the particular value 
the exponent chosen does not appreciably affect the calculated energy distri- 
bution. The energy distribution the photoprotons resulting from the direct 
effect has been taken 


Bypt+ 


Emax 


where coulomb-barrier penetration factor. The integral proportional 
the number nuclei capable emitting proton energy This very 
approximate formula has neglected the presence competition between the 
various possible reactions and its effect the energy distribution the 
direct photoprotons. 


Angular Distributions Photoprotons 


During the lifetime the compound nucleus large number collisions 
between nucleons occur before particle ejected. Thus expected that 
there will preferred direction emission, i.e., that the angular distri- 
bution the outgoing particles will isotropic, nearly (see Wolfenstein 
1951). 

Protons resulting from the direct photodisintegration process should have 
angular distribution the form A+B the process occurs electric 
dipole absorption the incident photon (Courant 1951). The ratio B/A 
depends the angular momentum the outgoing particle before and after 
emission. Electric quadrupole absorption results angular distribution 
having angular dependence. Interference between electric dipole 
and electric quadrupole absorption gives angular distribution the form 


where equal the cross section for electric quadrupole absorption 
divided that for electric dipole absorption. Angular distributions this 
form have been found, and the values determined from them range from 


about 0.5 (Mann al. 1952; Toms and Stephens 1953; Johansson 1955). 


DAWSON: 


EXPERIMENTAL RESULTS 


PHOTOPROTONS 


Energy Distributions 
(a) Aluminum 


The measured energy distribution photoprotons from aluminum shown 
the histogram Fig. and based 3885 tracks. The aluminum target 


foil was 0.0020 in. thick. 


ENERGY DISTRIBUTION OF PHOTOPROTONS FROM 
ALUMINUM 


700 


3885 tracks 


600 


500 


400 


300 


No of protons per MEV. interval 


100 


2 4 6 8 10 12 14 
Proton energy in MEV. 


Fic. The smooth curve the energy distribution calculated assuming compound- 
nucleus formation only and constant nuclear temperature 2.1 Mev. The histogram repre- 
sents the experimental results. 


The smooth curve the energy distribution calculated from equation (2) 
using the cross section Katz and Cameron nuclear 
temperature 2.1 Mev. was used. This compares favorably with the value 
1.9 Mev. obtained from Mev. (Livesey 1955). 

The present comparison between theory and experiment makes use 
evaporated protons only. However, the presence 10% direct protons 
would still consistent with the experimental results. The statistical accuracy 
the high energy end the distribution does not warrant any closer estimate 
than this. 

The yield photoprotons with energies less than Mev. from aluminum 
was found 4.0X protons/r-mole Mev. Using nuclear emulsions 
Diven and Almy (1950) found yield protons/r-mole Mev., 
while Halpern and Mann (1951) using scintillation counters found yield 
(4.0+0.8) protons/r-mole 23.5 Mev. and integrated cross section 
Calculations made using Halpern and 
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cross section function photon energy and the yield 
measured here result value 0.15 Mev.-barn for the integrated cross 


section. 
(b) Copper 
When all the measured 3554 tracks from copper were assumed protons 


the full line histogram Fig. was obtained for their energy distribution. 
Uncertainty the experimental point below Mev. due energy loss the 


ENERGY DISTRIBUTION OF PHOTOPROTONS FROM COPPER 
700 


3554 tracks 


600 


400 


evaporated 


No. of protons per Mev. interval 


° 


100 
direct 


2 4 6 8 10 12 14 
Proton energy in Mev. 


Fic. calculated energy distribution (smooth curve marked total) contains both 
evaporated and direct protons ratio. The separate distributions are also shown. 
constant nuclear temperature 1.1 Mev. was used for the evaporated proton energy distri- 


bution. 


foil (0.00123 in. thick) and the selection criterion for tracks indicated the 
line. Byerly and Stephens (1951) have shown that the bombardment 
copper with high energy bremsstrahlung leads the production 
appreciable number deuterons. The only reasonably certain way dis- 
tinguishing between protons and deuterons grain count every track. 
Rather than following this long and tedious process the deuteron component 
found Byerly and Stephens was subtracted from the present results giving 
the dashed line below Mev. This subtraction was carried out assuming that 
the deuteron energy distribution does not change appreciably when the bom- 
barding energy increased from Mev. (the energy used Byerly and 
Stephens) Mev. Some error may introduced this assumption. 
Both evaporated and direct protons were required explain the observed 
energy distribution. The normal copper cross section was obtained 
multiplying Katz and Cameron’s cross sections for the individual 
isotopes the isotopic abundance and then adding. nuclear temperature 


A 
| 
total 
| | 
| 
| N 
7 
=— 
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1.1 Mev. was used for the evaporated protons. The theoretical fit the 


experimental data 


requires that approximately 30% the total number 


protons emitted attributed the direct emission process. 

The calculated yield protons/r-mole Mev. for protons with 
energies less than Mev. happens agree almost exactly with the value 
protons/r-mole found Byerly and Stephens (1951) Mev. 


(c) Rhodium 


total 3696 proton tracks were observed from rhodium and their energy 


distribution given the histogram Fig. target foil 0.00123 in. thick 
was used. the case copper, both evaporated and direct protons were 


No. of protons per MEV. interval 


ENERGY DISTRIBUTION OF PHOTOPROTONS 
FROM RHODIUM 


700 3696 tracks 


600 


500 


400 


300 


100 


Proton energy in MEV. 


Fic. The calculated energy distribution (smooth curve marked total) contains both 
evaporated and direct protons ratio. The separate distributions are also shown. 
constant nuclear temperature 1.0 Mev. was used for the evaporated proton energy distri- 


bution. 


required explain the observed energy distribution. Nathans and 
(1954) rhodium (y, cross section and nuclear temperature 1.0 Mev. 
were used calculate the expected energy distribution the evaporated 
protons. Direct and evaporated protons appear present approximately 


equal numbers. 
The discrepancy 


between theory and experiment the high energy end 


the distribution may caused the poor statistical accuracy this region 
too small correction for tracks not measured because they did not 
terminate the emulsion. 


The calculated 


ield protons/r-mole for protons with energies 


/ 
evoporated 
200 A 
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Mev. agrees with yields measured this region about Mev. 
For example, Weinstock and Halpern’s (1954) results indicate value 
about protons/r-mole. 


(d) Gold 

Approximately cm.? nuclear emulsion were scanned order obtain 
the 1989 photoproton tracks shown Fig. The gold target foil was 
0.00098 in. thick. has not been possible fit the experimental energy 


ENERGY DISTRIBUTION OF PHOTOPROTONS 
FROM GOLD 


1989 tracks 


3 
> 
= 
c 
> 
= 
a 
= 
2 
= 


9 it 13 17 
Proton energy in Mev. 


Fic. energy distribution photoprotons from gold shown here cannot explained 
the basis the theories outlined the text. 


distribution with any combination direct and evaporated protons was 
done for the previous elements. The difficulty lies obtaining curve which 
reproduces the extremely rapid rise the energy distribution between about 
and Mev. The shape this energy distribution remarkably similar 
that obtained and Stephens (1953) for photoprotons from bismuth. 
The measured yield photoprotons with energies less than Mev. from 
gold 6.8 protons/r-mole. Weinstock and Halpern (1954) give (1.9+1.6) 
protons/r-mole the yield photoprotons from gold Mev. 


Angular Distributions 


(a) Aluminum 
The angular distributions the photoprotons from aluminum are shown 


The decrease the number protons the Mev. group small 


400 
300 
| 200 
100 
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and large angles attributed the track-length selection criterion and the 
large energy loss low energy particles these angles. Thus considered 
that the protons this energy group are emitted isotropically. Protons with 
energies between and Mev. also appear emitted isotropically. There 
excess particles the degree interval and all these are 
the Mev. energy range. This excess might merely statistical fluctua- 


ANGULAR DISTRIBUTION PHOTOPROTONS FROM ALUMINUM 


140 


100 


974 tracks 


868 tracks 


10° interval 


40¢ Ep < 6°0 MEV. - 
tracks 


No. of protons per 
nm 


929 tracks 


100 120 140 160 180 
Angle with respect to X-ray beam in degrees 


Fic. The angular distributions photoprotons various energies from aluminum. 
Standard deviations are 


= 
120 


1490 CANADIAN JOURNAL PHYSICS. VOL. 34, 1956 


tion. isotropic angular distribution was obtained for protons with energies 
between and Mev. 

Above proton energy Mev. the angular distribution changes markedly 
from the isotropic ones obtained for protons lower energies. There pro- 
nounced forward asymmetry. The number protons between and de- 
grees approximately twice the number between 150 and 160 degrees. the 
number protons per 10-degree angular interval still increasing degrees 
and the measurements not extend smaller angles, impossible say 
whether the angular distribution goes through maximum small angles 
whether keeps rising the angle emission decreases zero. 


(b) Copper 

shown Fig. the angular distributions the photoprotons from 
copper not show any significant deviations from isotropy. The possible 
presence small anisotropic component the high energy group cannot 
excluded the basis the present statistica! accuracy. 


ANGULAR DISTRIBUTION OF PHOTOPROTONS FROM COPPER 
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Fic. angular distributions photoprotons various energies from copper. 
deviations are shown. 


(c) Rhodium 

The photoprotons from rhodium the energy range from Mev. are 
emitted isotropically shown Fig. The decrease the number protons 
large and small angles attributed the track-length selection criterion. 
Protons energies greater than Mev. have been divided into two groups 
and their angular distributions compared with that given equation (6). The 
value the ratio b/a increases from 0.8 for the Mev. group 1.5 for 
the Mev. group. the same time the value increases from 0.2 
0.3. interesting note that going from the lower energy group the 
higher energy group the peak the angular distribution becomes more pro- 


nounced and moves forward slightly. 
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ANGULAR DISTRIBUTION PHOTOPROTONS FROM RHODIUM 
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The angular distributions photoprotons various energies 
Standard deviations are shown. The smooth curves were calculated from equation (6). 


(d) Gold 


The angular distribution photoprotons from gold with energies between 
and Mev. shown the upper histogram Fig. The solid line was 
obtained from equation (6) using value 1.0 for both 6/a and This 
group was chosen contains all the protons past the peak the energy 
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ANGULAR DISTRIBUTION OF PHOTOPROTONS FROM GOLD 
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Fic. angular distributions photoprotons various energies from gold. Standard 
deviations are shown. The smooth curve for the higher energy group (11.0< 17.0 Mev.) 
was calculated from equation (6). 


distribution. Protons the Mev. region (the rapidly rising part the 
energy distribution) have angular distribution which not far from being 
isotropic. There may slight forward asymmetry. 
DISCUSSION RESULTS 
The preceding section shows that the theory outlined previously fits the 
experimental results satisfactory manner. The gold energy distribution 
forms notable exception. Various aspects the comparison between the 
theory, the present experimental results, and other data will now considered. 
Nuclear Temperatures 
Table summarizes some measurements nuclear temperatures made here 
and elsewhere. errors have been assigned the present results 


TABLE 
COMPARISON EXPERIMENTAL AND THEORETICAL VALUES 
NUCLEAR TEMPERATURE 


Nuclear temperature Mev. 
Incident 


(p, Mev. Gugelot (1951) 0.85+0.1 
(n, Mev. Graves and Rosen (1953) 
(n, Stelson and Goodman (1951) 
(n, 14.8 Mev. O'Neill (1954) 
(y, Mev. Dixon (1955) 1.2 
(y, Mey. Present work 2.1 

Calculated from Livesey (1955) 


Mev 
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nuclear temperature used depends somewhat the interpretation the 
energy distribution. believed that the nuclear temperatures given for 
copper and rhodium represent minimum values. 

Copper the only element for which both the photoneutron 
proton energy distributions have been measured. (1955) value 
1.2 Mev. for the nuclear temperature copper derived from the photoneutron 
energy distribution excellent agreement with the nuclear temperature 
1.1 Mev. obtained from the photoproton energy distribution. Livesey’s (1955) 
estimate the nuclear temperature, Mev., good agree- 
ment with the values inferred from the present experimental results. 

Nuclear temperatures determined from the energy distribution neutrons 
resulting from nuclei formed particle capture are definitely lower than 
those determined from the energy distributions particles resulting from 
photon-induced reactions. Such difference may arise follows. 

Since nuclear absorption photons occurs mainly electric dipole 
process, the majority the compound nuclei formed have total angular 
momentum which differs from the ground state angular momentum one 
unit. Compound nuclei formed particle absorption can, however, have 
angular momenta differing from the ground state angular momentum 
wide range values. Therefore more levels the compound nuclei can 
excited when they are formed particle absorption than when they are 
formed photon absorption. then follows that particle-induced reactions 
lead larger number levels the residual nucleus than photon-induced 
reactions. decrease nuclear temperature required explain increase 
level density and, experimentally, decrease nuclear temperature 
found. 


Direct and Evaporated Protons 


The comparison the experimental results with the theory shows that 
the atomic increases increasing fraction the observed photo- 
protons must attributed the direct emission process. The fraction in- 
creases from roughly aluminum copper and 50% rhodium. 
Such variation indicates that the direct emission process should account for 
practically all the observed photoprotons from gold. Toms and Stephens (1953, 
1955) show that only about the observed photoprotons from Bi, Ta, and 
can explained compound-nucleus formation. 

According the above evidence should possible fit the observed 
gold photoproton energy distribution curve obtained from equation (5). 
However, equation (5) predicts energy distribution which rises almost 
linearly from Mev. and then rounds off and decreases slowly. this 
curve normalized the experimental results Mev. and then subtracted 
from them curve which peaks sharply 10.5 Mev. obtained. nuclear 
temperature 2.0 Mev. required place the evaporated photoproton 
energy distribution peak this energy and, this basis, about the 
protons must considered resulting from evaporation from the compound 
nucleus. The fit the experimental data thus obtained, besides being 
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poor one, requires the use values the nuclear temperature and ratio 
evaporated direct protons which are neither expected from existing theories 
nor supported other experiments. 

The source the discrepancy between theory and experiment may lie 
either the coulomb-barrier penetration factors used the presence 
another mechanism for the ejection protons from heavy nuclei. Dixon (1955) 
has obtained some experimental evidence which, although not very conclusive, 
indicates that there may ‘‘very emission particles. this 
process all the incident energy given the outgoing particle and the residual 
nucleus left its ground state. Thus the energy distribution the ejected 
particles should have the same shape the photon-absorption cross section. 
Because the low yield photoprotons measurements the (y, cross 
section shapes have been made for heavy elements although they are great 
interest. therefore impossible present shed any further light 
tentative hypothesis. 

Yields Photoprotons 
The measured yields photoprotons Mev. are follows: 


believed that the yields given are accurate within about 30%. With the 
exception gold, the measured yields are approximately the same those 
determined elsewhere Mev. 

the (y, cross section function photon energy known, then the 
photoproton yields various maximum bremsstrahlung energies may 
calculated. This has been done for aluminum using the (y, cross section 
given Halpern and Mann The calculated yields 
compared with the measured yield protons/r-mole both and 
Mev. The difference the calculated yields caused the different 
photon spectra and the resulting effect the dose measurements. Thus the 
measured yield Mev. higher than the calculated one. this difference 
photons with energies greater than Mev., above which energy the cross 
section was assumed zero. 

Unfortunately, the (y, cross sections functions photon energy are 
not known for copper, rhodium, and gold. The yields Mev. listed above 
are lower limits, the energy spectra indicate the presence protons with 
energies above the working range. the measured yields Mev. these 
elements are either approximately equal larger than those measured 
others Mev., significant cross sections above Mev. are indicated. 


Angular Distributions 


The low energy proton groups from each the four elements irradiated are 
emitted isotropically, very nearly so. With the exception gold, the low 
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energy proton groups have been considered largely consisting evaporated 
protons for which isotropic angular distributions are expected. the basis 
other results for heavy elements nearly all the gold photoprotons should have 
angular distribution given equation (6). The isotropy, apparent 
isotropy, the Mev. group puzzling. The experimental angular 
distribution does show some signs forward asymmetry and possible 
that small value accounts for the apparent isotropy. somewhat 
analogous situation occurs for the high energy proton group from copper. Experi- 
mentally very nearly isotropic angular distribution found for these protons 
which, the basis their energy distribution, has been attributed the 
direct effect. 

The energy and angular distributions photoprotons from aluminum have 
also been measured Diven and Almy (1950) who used maximum brems- 
strahlung energy 20.8 Mev. Allowing for the difference bombarding 
energies their results are very similar the present ones. They found essen- 
tially isotropic angular distributions for protons Mev. energy. 
However, only about 100 protons with energies greater than Mev. were 
observed. The higher bombarding energy used the present experiment has 
permitted the measurement much larger number protons with energies 
greater than Mev., and these protons have been found have pronounced 
forward asymmetry their angular distribution. Hoffman and Cameron (1953) 
have made similar measurements using energies Mev. The emphasis 
their work protons with energies greater than Mev. whose angular 
distributions were found well represented equation (6) with 

The copper photoproton energy distribution measured Byerly and 
Stephens (1951) good agreement with the present results. Their angular 
distribution for protons with energies greater than Mev. shows pro- 
nounced peak degrees, whereas the data obtained here indicate very 
nearly isotropic angular distribution for these protons. 

Curtis al. (1950) measured the energy and angular distributions photo- 
protons ejected from rhodium Mev. bremsstrahlung. Their angular 
measurements indicated symmetry about degrees with the peak becoming 
more pronounced the proton energy increased. The symmetry about de- 
grees was deduced from measurements made 20, 90, and 160 degrees. The 
b/a ratio required fit the angular distribution the Mev. proton 
group obtained here larger than that used for the Mev. group 
accord with the interpretation the energy distribution. The former group 
considered consist mainly direct protons while the latter contains large 
fraction evaporated protons. The angular distributions also indicate that 
group result from electric quadrupole absorption the incident photons. 

previous measurements have been made the energy and angular 
distributions photoprotons from gold. The angular distribution the 
Mev. group has been discussed above. The higher energy group (11 
Mev.) appears well described equation (6) with b/a 
This value implies that the electric quadrupole cross section one-fifth 


the electric dipole cross section. 


| 
| 
} 
| 
| 


CANADIAN JOURNAL PHYSICS. VOL. 34, 1956 
ACKNOWLEDGMENTS 


pleasure thank Professor Sargent for his encouragement and 
helpful advice throughout the course this project. also greatly indebted 
Bradfield, who contributed generously their time and advice. Sincere thanks 
are due Mrs. MacPhail who ably measured large portion the proton 
tracks. Financial assistance from the National Research Council gratefully 
acknowledged. This project was part the synchrotron program Queen’s 
University receiving financial aid from the Atomic Energy Control Board. 


REFERENCES 


M.and V.F. nuclear physics. John Wiley Sons, 
Inc., New York. 

and 1953. Phys. Rev. 91: 58. 

Dawson, and 1956. Can. Phys. 34: 241. 

Dixon, 1955. Can. Phys. 33: 785. 

HALPERN, and Mann, Rev. 83: 370. 

HorrMan, and 1953. Phys. Rev. 92: 1184. 

Janzen, 1953. Thesis, Queen’s University, Kingston, Ont. 

Katz, and CAMERON, Can. Phys. 29: 518. 

K., HALPERN, J., and 1952. Phys. Rev. 87: 146. 

NATHANS, and HALPERN, Phys. Rev. 93: 437. 

1946. Phys. Rev. 70: 87. 

1951. Phys. Rev. 83: 252. 

1953. Phys. Rev. 92: 362. 

1955. Phys. Rev. 98: 626. 

Atomic Energy Research Establishment Report G/R 664, Harwell. 


SOME UPPER LIMITS ISOTOPIC Ne, Cl, and 


Continuing the search for possible rare isotopes elements which not 
appear have been closely scrutinized (Kerwin 1956), have been able 
establish some upper limits abundance for isotopes the elements neon, 
chlorine, and gallium. The present status the isotopic abundance these 


elements therefore follows: 


Abundance, 


Isotope Reference 
Neon 

<0.05 This note 

<0.01 This note 

90.92 Nier (1950) 

0.257 Nier (1950) 

8.82 Nier (1950) 

Bleakney (1933), this note 
<0.01 This note 

Chlorine 

<0.02 This note 

<0.02 This note 

<0.02 This note 

<0.02 This note 

75.4 Nier and Hanson (1936) 
<0.07 This note 

24.6 Nier and Hanson (1936) 
<0.07 This note 

<0.004 Nier and Hanson (1936) 

Gallium 

<0.04 This note 

<0.04 This note 

<0.04 This note 

60.2 Inghram al. (1948) 
<0.07 This note 

39.8 Inghram al. (1948) 

<0.04 This note 
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MECHANISM DISLOCATION LOCKING ATTENUATION 
HIGH FREQUENCY SOUND LOW TEMPERATURES 


recent article Hutchison and Filmer (1956) describe low temperature 
internal friction peaks found 155° with Mc. sound waves 
pure aluminum grain size 3-4 mm. The height these peaks was markedly 
increased small amounts cold work the order 1.0-1.5%, and de- 
creased subsequent low temperature annealing. The activation energy 
the peak similar that calculated for the low temperature internal friction 
peak aluminum Mason (1955), using results obtained from high fre- 
quency sound attenuation measurements (1954) and Bordoni 
(1954). Mason’s dislocation relaxation mechanism proposed locking the 
dislocations irregular intervals with maximum the distribution 
loop lengths the order cm. was assumed that the locking was 
Cottrell impurity atmospheres. The present note describes experiments carried 
out test the time dependence room and lower temperatures the internal 
friction peak produced cold working. 

The material used for these experiments was aluminum containing 
0.004% Fe, 0.002% Cu, <0.001% Mg, <0.001% Si, <0.001% Zn. uniform, 
specimen was prepared two successive 30% compressions 
anneals 350° for one-half hour and 400° for one hour 
respectively. This gave final grain size the order 0.25 mm. and eliminated 
all preferred orientation arising from the original rolling texture. The internal 
friction was measured, using Mc. sound waves, over the range 250° 
100° K., with average rate cooling about per minute. The result 
shown Fig. case The specimen was then warmed room tempera- 


fine-grained 


INTERNAL FRICTION 
(ARBITRARY UNITS) 


100 200 250 
TEMPERATURE 


Internal friction pure aluminum. 
annealed. 
Cold worked 1.16% and measured immediately. 
Measured after room temperature. 
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ture, cold worked 1.16% compression four seconds, and cooled 250° 
within one minute from the time compression. The internal friction measure- 
ments were then repeated immediately precisely the same manner 
case and over the same temperature range—case Lastly the specimen was 
allowed return room temperature (23° C.), held there for and 
again tested before—case 

The nature the dependence acoustic losses temperature using this 
method measurement discussed the previous paper Hutchison and 
Filmer (1956). can seen from Fig. that the height the internal friction 
peak almost doubled, and the background attenuation increased, immedi- 
ately after cold work, and that both peak height and background remain un- 
changed the subsequent room temperature aging. similar series 
measurements sample cold worked 1.7% and measured after min. and 
hr. room temperature produced the same result, i.e., change the 
height the deformation-induced internal friction peak during room tempera- 
ture aging. 

Cottrell and Bilby (1949) have derived the following expression for the 
number impurity atoms which would segregate unit length cm.) 
dislocation time 


where the initial number atoms solution per unit volume, the 
diffusion coefficient for these atoms, and derived Cottrell (1948), 
constant characteristic given system. For the system under consideration 
depending the assumptions made deriving and extrapolating 
values for such low impurity concentrations and for such low tempera- 
ture. take the latter value and assume uniform spacing im- 
purity atoms condensed atmospheres along the dislocation lines, then the 
loop lengths between locking points would the order cm. This 
length, maximum loop length after sec. aging room temperature, far 
too small account for the observed internal friction peak the basis 
dislocation relaxation mechanism. 

Also, both calculations based the Cottrell mechanism, and experimental 
observation Smallman, Williamson, and Ardley (1953) the time de- 
pendence the appearance yield point commercially pure aluminum 
and McReynolds (1949) and Cupp (1956) time dependent 
vield point phenomenon superpure aluminum, indicate that aging 
means complete after sec. Thus, the internal friction peak found one 
minute after cold working were indeed due impurity locking, would 
change height and position aging progressed and the average loop length 
changed. have seen, does not. 

any case the ratio impurity concentration dislocation density 
the system under consideration such that after hr. aging room tempera- 
ture (or probably much less) far more than enough impurity atoms would 
have segregated the dislocations lock them along their entire lengths 
(Cottrell 1953). 


¢ 
— 


1500 CANADIAN JOURNAL OF PHYSICS. VOL. 34, 1956 


therefore seems unlikely that distribution dislocation loop lengths 
necessary for the observed relaxation peak phenomena can explained 
the basis impurity locking mechanism. If, however, the dislocations 
produced the cold work are intersecting slip planes the locking may well 
predominantly the network formed. This would account for the 
observed fact that the peak height does not change appreciably with room 
temperature aging. 

Further experiments the authors other characteristics the attenu- 
ation maxima also indicate that the locking other dislocations arrays. 

This work was supported Defence Research Board Canada, Grant 
Number 7510-14, Project 
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